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; FORESORD

This fechnical report wus prepared for the Air
¥orce Bocket Propulsion laboratory, ards Adr
Force Base, California; by Rockeidyme, a Division
of Nortk Amcricap Aviation, Inc. The report cov-
ers work done under coniract AFD&{611}-11415
: during the period of 1 April 1966 throngh 36 April
1967. The iir Ferce Project Monitwrs during ihe
course of the program we.e Mr. J. Denker, {opt.
: R. Bryson and It. J. Hinitz. The Bocketdyme Program
Managers durizg the coursze af the program were
Dr. R. B. lavhead and Mr, T. 4. Coultas with Dr. E.
Talmor as responsible supervisor. The prineipal

investigators on the various tasks weres s follows:

Taslt 1 - Mr, H., A. Priedmap
Task 2 - Messrs. W. S. Hiznes and G. D. Cunial
. Task 3 ~ Mr. ¥. S. Hines

General assistance in all iasks wss provided by
Mr. B. L. McFarland.

This report has been given the Rocketdyne identifi-
caticn namber R-7022, 1t contains no classified

information extracted from other classified documents.

A Computer Program Deck and a Cemputer Operator's

Menual have been esubmitted separstely.

This technical report hss been reviewed and is

spproved.

LU N

JAMES A, HINTZ,
ist Lt., USAF
ATFRPL Project Engincer
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ABSTBACT

The two-dimensional ablative hest transfer compuier
progran generaied under contract AF0%{611;-971L was
refined and extended to handle anisoirapic materials,
nere than one charring maiterial ard reradiatioa at
the heated surface. Results cf the two-dimensional
progran were compared to experimental data to deter-
mine effective values of material properties used in
the analysis to simulate gas gepmeration and cracking
raactions. The resulting effective properties for

two ablative materials were used in a parametric

study generating basic informzéion for the design
of abilative systems in liquid rocket thrust chambers.
firaphs and charts showing the variation of thermal

penetration, chuv depth anéd surface eresien are

included.
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Fifzctive Sesagrn of rocket engine tizwsl ckomilers, wkick are paszively
cooled by bzas zick or ablative tecknigres, reguires prediciisss of the
eifert of High-.onperzinre condsiion grodunris oz candidate drest chaxber
wall maieriais. Under Contract :30%{611)-971%, Bockeidyme condncied a

v

Ny

:12-monih progran eniitled "Effeci of Boclei Fxozice Toudasiion o CEznder

|l

Materials,” in which cemgzater mregroms were developed fer the crmwerical
selgtiion of ope- ard two-dimensionz] models of irzapsient ablation and heat
cexfuctian. Detailed repsriz of thiz program ez be forzd in EHefi. 1 a2z

2 . ipzlodipg discussions of the physical ard ratbenatical mpdels exployed,

(&)
T T B L L T O TS W AT SUO I SO WSO ST G s SV EROg] TV Y

tke rzmerical procedures developed for tre solution, and 2 coxperisen of X
compuied resalts {o test éatz. Operaiinz insirunciiopns for the corputer ",

codes are given in Bef. 5 and 4.

A

t

In April 1965, =« 12-zonth sequel progzrex was initiaied at Bocketdspe urder
Comiract AW4{611)-11215, entitled "Designer's Guide and Compuier Program
for dbliative ¥aterizls in liguid BRockei Thrusi Chachers,® The objectives

AN 114t o el
,

)

of ihe program were o exiemd ine scope of the two-dimemsiomal program

PP ST A PR L

LRI 5 Lary
1
[SRROT

{95 407137R) and conduet a cozprehensive parameiric siudy. The resulis of

=

this sindy were to be presenieé in a forz converieni for design of ablative

cuth

'

s

rocket enzipe thrasi chachers. The work was perforzed in four pkases or

we

tasks: :
1. The two-dirersioral progran was extended to handie anisotropic - ,
rateyials, cuitiple charring ablators, and the effectis of . -i<
reradiation at the heated surface. T ] {

2. Coompatid results were compared to existing experimental data to , P
determine values of effective tbermal meterial properties used -

in the 2D-APIATE progrem to simmlate the chemical reactioms which v

occur in the interior of the cherring materials. :,

3. A parametric study was performed to determine thermal and ablative . ’
effects as functions of parameters describimg thrust chamber opera- i

ting conditions, geometry, end materials in liquid rocket engines,

ekt i
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permitting the use of relatively large time steps. In particular,
a generalization of the unconditionelly stable Peaceman-Rachford
al*ernating direction method {Ref. 5) was employed %o discretize
the energy equation rather than the more frequentiy used, condi-
tionally atable, explicit forward difference method which often
requires the use of prohibitively small time increments to avoid

error growth,

0. Complex duty cycles of intermitient engine firing can be simulated,

including either steady bursts of firing followed by soakout or
high-frequency pulsing.

MATHEMATICAL MODEL

In formulating the mathematical model and developing the numerical solution,
tne following assumptions were made concerning charring materials treated in

the analysis:

1. In any thrust chamber configuration, there is no more than one
charring material (this limitation was removed during the subse-
quent efiort presently being reported). It is a continuous

material with continuously changing material properties.

2. Chemicul reactions in the charring region are treated in depth;
i.e., they are permitted to take place throughout a continuous
range of temperature rather than being confined to a single
"interface" of constant temperature.(By specifying a very narrow
tempernture range for the reaction, an interface model can be
simulated when required, e.g., in the case of vaporization of a
metal £illing a solid porous matrix.) These reactions, however,
are simmlated thermodynamically {(rather than kinetically) in the
energy and continuily equations. They include a maximum of three
ges generation reactions (pyrolysis, a char-reinforcement re-
action, and a further decomposition of the solid product of this
reaction) plus cracking of the renmerated gases.
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5. The porous char is cooled cocnvectively by the gases generated in
the charring material and the gas arnd char temperatures at any

point are idenmtical, Conduciion of heat within the gas is assumed

to be negligible in comparison with that in the char.

4, Gus density is assumed to be negligible in comparison to the char

density.

5. Thne generated gas mass fluz in the porous char region is assumed .

to be oriented in the direction of the temperature gradient vector.

In addition, the following ground rules were followed in amalyzing the

effe-ts of s~rface erosion and recession:

1. Ary of the thrust chamber wall materials exposed to the hot com-
bustion gases are subject %o surface erosion. ¥or each exposed
material, the surface removal modes include melting, vaporiéation,
and as many as three independent chemical reactions with components

of the combustion gas.

2. Tor vaporization and chemical reactions, the removal rzte is com-
puted based on mass diffusion in the boundary layer coupled with

chemical kinetics at the wall surface.

The energy and continuity equations used in the model for the charring

material have the following forms (see Ref. 2, Appendix A, fox justification):

.~ dF
©a 3P rN\IT 3 /.0 1 2 oT dg oT QT
(¢ -) & 3F & ) - % (@) 5 % (% Gy O
r < .
oF 3G
30 \' 3p r x 1 3
- oF,, % T % YTy ¥y (yGy) (2)
r

vhere r ranges over the gas generation reactions occurring within tke
material. The orientation equation for the gemerated gas mass fiux in the

charring material takes the following form:
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Eguation 5 iz a formmlation of assumpiion J above for ckarring materials,
vhich in conjunction with assumption 4, permiis the soluticn of Bg. 1 and
2 without the reed for a separate momenium equation. The dependent vari-
ables of Py. 1 threugh 3 are T, Gy, and §_ (or B ). All physical and
chertical properiies appearing are assuzed to be known functions of tempera-
ture. For the noncharring wall materials present in a thrust chacber con-
figuration, By. 2 and 3 are not applicable, and Eg. 1 reduces to the

pure conduction equation, as follows:
3 o7 i3 aT
ﬂCE: = 5% (Kﬁ'i-*}FyT(YKE;) (Ii)

In the event of surface erosion caunsed by engine firing, an additional
parameter must be predicted, £{x,7), the changing radial position of the
receding hot-gas boundary [Fig. 1). The following equation is used to

relate the radial recession rate to the predicted normal recession rates:
o, {5)

where r ranges over thuse species generated at the surface and does not
include those generated within the material., The vr‘s are in turn defined
by an appropriate rate equation {Ref. 2, Appendix C) for each surfacz
removal mode r, In practice, the vr‘s are calculated iteratively so as

to satisfy both the rate equation and the emergy balance at the exposed
inside wall surface, which is taker in the form:

oT o
Es = heff(Taw ~ 1) - var (a H)r (6)
r




Hore generally, Eg. 6 can be used as 8 coanvenient formulation of ail the

exterior boundary conditions whick describe the heating and cooling mech-
anisms encountered (Fig. 1), where b o 2y include such effects as those

of convection, radiation, anﬂ/or aerodynamic heating. Thuz we write

heff = hcem\r * hrad * henv (7)
At an insulated boundary, both h ., and the v_ are set to zero in Eq, 6,
The vr's, indeed, epply only at the exposed hot-gas houndary and are zero
elsewhere, Similarly, Taw’ in Bq, 6, has physical significance only et an
exposed boundary. but is used elsewhere as a convenient referencz temperature
in the definition of the effective quantity he £1° In particular, when radi-
ative ard environmental heat flux terms are required, they are expressed

as follows:

4 L
h - g€ Bf (z env) _ Yeny (8)
rad T -T7T ?%env T~ T
av aw

Thus, the effect of T _ is cancelled when h__ . and h __ are substituted
aw rad env

in Bq, 6 (this form is employed as a linearization device in the finite

difference solution procedure). The cancellation does not occur in the

convectmn term at the expesed boundary, where b cony includes modification 8
of the basm ccavective heat transfer coeff1c1ent nconv’ by the blocking .
effect of the gases ejected at the surface: .
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The surmation of Eq., 9 is taken over all gaseous speciea ejected at the . g
surface, where Gj is defined to be --pvj for the gases generated at the f’
surface, and for the iniermally generated gases we use r %
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At an interface separating two adjacent material regions, say regions I and

J, the continruity of temperature and outward normal heat flux are expressed

as follows:

a7
L S TS -

o (11)
I J On | 5

Initially, the temperatures are assumed to be constant for all materials;

e.g., ambient temperature.

NUGMERICAL SCLUTION

A time step procedure was employed to uncouple and solve the cortinuous
equations given above where finite difference techniques were used to
discretize the continuous parameters. Predicted in each step are the
two-dimensional (actually three, because of the assumption of axial

symmetry) temperature distribntion throughout the thrust chamber =aterials,
the generaved gas mass flux distribution in the charring material, and the
new position of the inside surface exposed to the hot combustion gases

(in the event of surface erosion an@_recession). No specific char front

or depth is calculated beceuse, es discussed ip assnmptiorn 2 ahove, pv. lysis
is permitted fo occur over a temperature range rather than at a single value.
The pyrolysis zone, however, can be identified at any time level by inspec-
tion of the predicted temperatures or, in the event of a stop-start engine

firing c; cle, by noting t{e maximum temperatures achieved.

Spatially, the discretization is achieved by imposing a mesh on the multi-
material region of interest (Fig. 2). Mesh points are located at the
intersections of the mesh lines with each other and with the boﬁndaries
and nmaterial interfaces and are clasgified as regular, ixregular, boundary,
and interface points Fig, 2)., The continwsus temperature and generated

gas mass flux distridutions are approximeted by discrete distributions

defined only st mesh points and discrete time levels, These are obtained
by sélving the difference equations resulting from replacing the continuous
derivativea in the equations above with their finite difference equivalenis
(Re:z, 2).
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6f particular interest is an essentizlly secord order accurate {in time

as well »c Zistance) geperalizaiion of the wnconditiszelly stablse, frplicxt
aiterpating Qirectinp xmethod oi Peacexar ani Hachford, e=ployed in 22ch
tize step to discretize snd solve Eg, 1 (or Eq. &) foz tezperatwre ip con—
Junction with second order accarzte, cursature-preserviag teehrisves do-
veloped to express the norzal gradiert cordiSions at curved bomdaries.

A backward time difference was used to &pproximzie the corntimuiiy eguatien
(Bs. 2) in obizining the internally generated gas mass flux distribotion
along with second order accurate ceatral Giffererncee in the axial and radisl
directions, Although e forwerd iime difference was used to discretize the
recession eqguation {Rq. 5), the approximation nevertheless zapprosches 2
second-order central difference procedure because oi the iteration, men-
tioned above, which is required to obiain wvalues of the Voo Deitails of

the nwuzrical procedures employed are given in Ref, 2.

Because of the use of essentially cenirsl (not exactly beczuxe the initially
nonlinear difference equations are linearized im eack time step by taking
coefficients at the old time level) or backward time differcnces in dis-
cretizing the differential equaiions in the interior of the material regions,
the resulting solution procedure approaches uncunditional stability for
sufficiently small, externally generated heat fluxes. However, when high
values of heat flux are encoumtered at the hot-gas boundary during periods
of steady firing, limitations may be required on the size of the time step.
especially at the beginning of such a period. In generai, such limitations
are not nearly as severe as those reguired for explicit forward difference
methods, and are not necessary at all during verieds of sparse intermittent
firing or during soaishack. The favorable stability situation plug the
generally second order spatial snd itewporal differencing permit the use

of relatively large time and distance imcremenis {compared to those fre-
quently required for explicit Zorwerd difference procedures) and a sab-

stantial saving in computer time.

In simulating the normal temperature gradieat conditions at curved suriaces
as given by I'g. 6 and 11, the following exeei relaotionships are utilized,
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'

vaich relate the normal end langentirl derivaiives to those in the exjal
&3 radi=l directions:

3t L 2er 3EN\i, [
Z-«{(EZ-ZM- (& )]

1/2
2 ./ 32 3 31 N3
2-K(F-FEM-(8)1] (12)

In Bg 12, ¥ = £ {z, 7) is the eguation oi the boundary segzent wnder con-
sideration and the plue {™inus) sign is used at @ iower [upper) boundary;
i.e., where the outward norzal has a negative (positive) compoment in the
¥ direction, The direction of n and s is indicsied in ®ig., 1 for & mat-
erial at a boundary and an interface. The expressions for 9T/9n and 37/ds
can be combined (in keeping with the alternsting direction rethod) so as
ts eliminate 0F/dy (or 3T/Cx) in an'odd (even) time siep. Firally, on
purely physical grounds, wz assmme “hat 3T/3s is sc dominated by T/dn
that in the resuliing expressions, e may neglect terms in 3T/ds, Thus

we obtain, for odd ard even steps, respectively:

oT oT (13)
% /[1+( )21

Eq. 13 32 used to replace OT/3n in Eq. 6 and 11 and the resulting expres-

gions are discretizad with second order spatial accuracy.

A1l aystems of difference equations generated in each time step ave at
werst tridiagonal* and are easily solved directly (rather than iteratively)

by simpie recursion formulas,

*A syatem of equations is tridiagonal if all the nonuers elementa of its
coefficient matrix lie on the main disgonal and its imnediately adjacent
diagonaiz,
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Evaluation of the 2B-ABI AT progrem included cozparissns of progras resmlis ;
with both theoretical 2nd test data, including in-depth checkout of the 3
iolloving cases: ~ S

1, Simulation of transient one—dimensioral raaial comductivn in a
hollow cylinder heated cn the inside and insuiated on the outside, e
with no charring or recession, The exact series soluiion for this -
problem is well-knocwn and hes been presented in the form of tem- ;

peratere response curves in Ref, 6. -~

2, Coaparisen to test data supplied by Edwarde A¥B from an engine
firing with shutdown and soakback in & two-material thrust chem- L2
ber, including a charring carbon-cloth/phenolic backed by a stainless— -
steel shell (Fig., 3). Here the full two-dimensional transient )

case was treated. -

3. Compariscn to measured temperatures obtained from a complicated
mission duty cycle of engine firing (including pulsing) and aero-

dynanic beating for a four-material charring, attitude control engine,

Lt
SNPRRE RN R

Predicted computer results were in good agreement with measured

backwall throat-and exit tewperature histories. (This comparison o

Gt vdla

was not reported in Ref. 2; details may be fownw in Ref. 7.)

Cases 1 and 2 above are fully reported in Ref, 2 and need net be repeated : i

here. Some of the results of Case 2, however, were used as controls for
checking out the 2D-ABLATE program extensions discussed later in this

report,

PROGRAM STRUCTURE

The 2D-ABLATE program was coded in Fortran IV for use on the IBM 7094,
Several links were employed to take advantage of the system overlay feature.

In addition to the maia control link, Link 0, two other links were provided :\*E
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Link I, iz which all set-zp is performed for the lime-siep czl-

cnlation (Ref. 2)

3
se

2. Link 2. tke tize-step calculation

Beczuse ‘he extensions to the 2B-ARLATE progrew {c=der ike currest con-
iract) expande@ Lirk 2 beyond the 709% core storsge capecity, Lirk 2 kas
been furiner suvblinked, ntilixing tae overizy feature. This is dascribed
in more detail in another section of this report.
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TISE 1, EXTNSION OF T3 TWO-DDENSI0E.
ABTITICN 2oL

In Fzsk © of the preseni comiract, the ZD-iELLTE computer progzrez= (as

deraloped uoder Comtract 4304%{611)-9713) vez extended by the addition of
several zmecheniers each of vhich,when appiiesble, cap have z significant
effect on the pericrmance of zblative materials. Incluled were the fol-

loving modificatione: .

A, The eifeet of radiative excharge acrose the thrust chesber between
opposing surfaces exposed to the hot co=bustion gases. During
firing, this effeci can exert a sircng influence on the surfare
tex=perature histories adfained.

B. Analysis of materials with differing +texperature-dependent con-
ductivities ir =ajor ard minor directions io provide adecguate
treatzent for strongly anisotropic materials of current interest.

C. Previsiorn to permit any of the wall materials to bz charrirg
ablators rather than being restricted toc just one such material.
Althcugh o3t research engines are febriceted with only 2 single
cbarring material, more than one is often required in the case
of production engines. Frequently encouztered classes of
maltiple-ablative construction incivde gtacked materials (e.g.,
the Hockeidyne LI engine with a phenolic-refrasil laminate
backed by a low density phenclic-astestos) end side by side
{e.g., the Apollo atiitude control engines with a L5-degree
phenolic-refrasil laminate in the chamber and the sime material

in the nozzle extension at a O-degree orientsticn).

In addition to the three Task 1 modifications (hemceforth referred to as
Tasks 1.A, 1.B, snd 1.C), several cther additions, modifications, and co: -
rectione were made to the 2D-ABLATE program as required during the perfcrm-~
ance of Tasks 1, 2, and 3 of the current study. Because these changea

do not fall within the scope of Task 1, they are referred to collectively
as "general modifications" and briefly described prior to the Task ]}

discussion.
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Checkout of most of these modifications was performed by comparison with
results obtained previously with the "old version" of 2D-ABLATE. The test
case used for the comparisons was Case 2 discussed in the Review section
above and described in detail in Ref, 2. Por Task 1, a preliminary check-
out step involved demonstration of the ability of the extended program to

suppress all the new mechanisms and perform as originally written.

GENERAL MODIFICATIONS

Program Structure

As indicated in the Beview section above, coding of the old version of the
2D-ABLATE program was performed for IBM 709% appiication. The "mew version"
(including the Task 1 extensions) was to be used on either the 709% or the
IBM 360. To accommodate the Task 1 program extensions, several methods
were investigated of increasing available core storage in the new 709%
version. (In the mew 360 version, me such problcm existed., TIndeed, it was
possible to unlink the program completely without exceeding core storﬁge
limitations.) It was decided to further subdivide the time step link

(Link 2 in the old version), yielding Link 2, the control link, Link 3,

the receasion calculation, and Link %, the remainder of the calculation

in each time step. Thus, Link 3 is bypassed in any time step for which

the recession subroutines are aot required (see Fig. 4 for e chart of the
relinked program structure). The saving amounted to over 3500 locatiéns

in core during Link 4 (and even more during Link 3), which was more than
enough for accomuodation of the Task )} extensionms.

Added Capability oo ——

Because performance of the Task 2 and 3 efforts required extensive evalua-
tiou of calculated temperature histories, a great deal of time-consuming

manual cross-plotting was evoided by extending the program to provide a
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visonl display upen inpoet signal of as wany as 10 tegperatore-time graphs,
cach at & distinct specified regulsr interior point (see Fg. 2 for tere-
ineclogy) within tie wall materiels. his was accomplished by ieking ad-
ventage of the available cathode ray tube equiprent andé the CRT library

subroctines.

Improvement in Calculation of Gas Generation

Improvements were made in the portion of the program dealing with internal
charring. PFirst of all, the gismlated boundary and initizl conditions
(pages 6% and 65, Ref. 2) for the solution of the continuity equation were
-altered to redace initial lag in gas generation. In particular, the simu-
latea boundary condition ¢, page 65, Ref. 2, should now read, in part,
{see Fig. 5 for the point arrangement used te discrstize the continuity
equation) "If ?max,2 is less than pr or if point 4 is & noncharring
material, then G, iz set equal to 0 " rather than "If either Tm&x,Q or

2
T is less than pr....y Secondly, because the temperature may jJump

s?Ziigicantly inte the pyrolysis range during a velatively large time
step at mesh points close to an exposed surface, an upper limit for gas
mass flux within a charring material can now be assigned as input to the
program to prevent excessive initial interior gas generation amd possible

temperatu oscillation caused by overcooling.

These program changes were succeséfully checked out using the test case
discussed above. As expected, the result was a graduated temperature re-
duction throughout the thrust chamber, the most significant reductions

occurring at the heated inside surface.

Correction of Errors

In the cor se of performing the Task 2 and 3 efforts, a number of errors

wera uncovered. Most were of a strictly "programming" n&tﬁre guch as

apelling and indexing of program variables. Correctiou of these errors

did not alter results of previously rur checkout cases hecause of the
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Point Arrangement for Discret
the Continuity Equation

Figure 5.
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markedly different material and roek lire configurstions. On the ofber
hand, several other errors weve discoversd in the nwmericsl inferpratation

of che model and were subsequantly corrseted. They were as follows.

Inspection of Eq. 9 sbove iadiontes that the values of Gg used ju By, 9
vere intended to be negative ¥or 411 gaseouns apeciszs sjected ad the surface,
as in Eg. 10. 1Im the progrem, howevey, the plus sign in Fy. 9 was inad-
vertently written as & mizns. Thus, the transpiration sffeet of the im-
ternally generated gases was reversed. For the checkout came discussed
in the Review section, the effect of this error proved to be nst overly

gignificant.

Errors were found and corrected im the subroutines whick predict eroszion
and recession at varying axial positioms on the exposed inner surfsce and
in the femperatvre caleulation at these points after erosion., In the
recegsion caleulation, too few restrietions were placed om the number of
loops of iteration permitted amd on the number of circumstances under
whick the iterations would be permitted to continuwe, both in the calcula-
tion of Mach number and in the calculation of erosion rate. In the cel-
culation of tem?eratuxe after ercsion has occurred, an error was found in
the intexpretation of the information supplied by the recession subroutines.
In particular, an aitempt had been made to bypaes the direct simalation
of Eg. 6 after erosion by employment of the value of 3T/dn as calculated
iteratively in the recession subroutines. The nature of the iterationm,
however, is such that 37/3n iz evaluated at some intermediate time level
between the old and new levels. The value required for the temperature
ct.iculation, on the other hand, must be obtained at the new level. Con-
sequently, the short-cut procedure wasz abandoned and, Eq. 6 has been

simulated directly in the program.

E o 2 AN P

T B i L TEYS et Pt e e AT e

N NG

iy

g

NS
n

LA At e

v

B
RS L SR

AP e A - € AT




e e —n

,\)‘.‘« Bay \

gl

)
kit

by

SALIE LY (v
4
{

4
B

T
f1leviation of e Progras Lizitstion -z
ip severzl of the threst chanber configovations treated during Task 3, ihe 1
pezzle 2xlension vzo taken %0 de 2 long merrow slenting sirip of wall za-

2232}, Becauwse of the rec .remeni of egual apacing 5f tke horizoptal
{i.e., axi2lly oriemted) mesh limes, 2nl the epper limit of 15 on the
oueber of veriical zesh lipes, it wes pecessary, in order to have 2 suf-

o

AL 8T A0 B P Iun SV Y ELAR ARG AL

Ticient marber of horizontal mesh limes for accuracr in the ckaznber and

[T T S—

throat regions, ic {oree foc mamy ipto the narrow sirip of ertersion zma-

terial. YThe reanlt was a violation, oo several hovizontal mash linez in i

Brad vl dfAGwaddu v

tke strip, of a program linmiiatioc: on the minimz nuber of poinis per—-
mitted per mesh lipe (fomr, 25 giver in Rule & on page 73 of Ref. 2). Ais

[TINSIN NN

a congeguence, a2 dumsy subrovtine was vritlten which can be used vhen re- ,
guired to replsce ihe restrictive subrovtine (salled WD¥EPT) and thus -

reduce the miniznz froe four to three {the latter being at present am ir- i
reducible zin‘yms due to ciber progrze lirnitations as expreased by Hules
1 and 5 on pages 77 through 79, Hef, 2)}. The resnlt of relaxing the Zsur -

point limiiation was, 25 expected, & worzening cf the *condition® of the

e
s

AP FRN

systeze of diffevence equations generated In the affected portions of iis
strip and, ia particular, & certaiz amount of error in the calculaied

tezperature jn odd tirme steps ai the intersections of the radiation-cooled !

R STV TIPS

gater bomndary of the nozzie exiension wiik some of the horizomtai megh
lines. Xo transmitted 311 effeccs, howsver, were obzerved (again, as
expected)} in the throet ard chacber regioms. which were of primury ipterest

in the paramciric study performed in Task 3.

B

e
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TASK 1.A, RADIATIVE EXCHANGE AT THE EXPOSED INSIDE SURFACE

The effect of radietive exehange berween axially varying portiscs o2f the
ingide wall surface was added as an optionzl (upon input zignal) term of

the effective hest iranzfer coefficient (sce Eq. 7 and 8 sbove), as folluws:

qrerad
Brevad = F =1 (14)
&Y
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The approach taken in the program is to recalcuiate values of Tearad’
the rersdiative heat fiux, after each even time atep at the boundary

points Pi formed by the iniersections of the radislly orisnted mesh limes,

X=2%,1=1,.,., n, with the exposed inside surface, as fslliowa:

n
& ) L),
& Yrerad, i z}, UEFiik(Tk‘ chi=1,...,m {15)
k=1

In BEg. 15, Fk Kk ie the view factor* frcm an insile surface area represented

-3

by Pi to & gimilar area containing Pk' Include’ is the term wiih view

factor F& . because the inside surface area is ir the shage of a ring and
opposes itself as well as the remainder of the rings. The array obigined
ueing BEq. 15 is then used for the succeeding two time steps in Eq. 14 1o

celculate the reradiative compenent of the effective heat transfer coef-

Y N
A S vy YL

ficient. In an odd atep, values of Yorad at .boundary pcints lying at

the ends of axially oriented mesh lines are obtaired as needed by iuter-~

et MV B,

polation from the Dorad. 2TTEY-
b

s et

Values of the two-dimensional array Fi,k are obtaired by interpolation ’
~ at the poinis ?i from a similar input array Gj,& defined at ithe input koo
points Qj at which the rest of the axially varying input data are speci-
fied, such as the adiabatic wall temperature and the convective heat itrans— e

fer coefficient. This is performed in three stages in Link 1 of the pro- o s

gram (the setup phase prior to the time step calculstion), as follovs: ; -

1. Input and assignment of the two-dimensional array Gj,%’ iy t=1, ¥ -
+.., m, at the points QJ, andof a one~-dimensional array Bj of

associated disjoint surface subareas, s

*The use of view factors in ¥q. 15 instead of overall interchange factors .
(Ref. 8 and 5), vhich would include the effect of reflection, follows from
the analysis in Taske 2 and 3 of wall materials which emit nearly as black
bedies. The net reflected heat flucesz are nearly zero and the inter-
change factors nearly equal to the view factors. Modification of the pro-
gram to includs reflection effects would be straightforward.
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%, Direct calculation of & similar array Ai’ i=1, ...; &, of aub-

areas asscciated with the Pi’ cach sssumed comical, i.e.,
/ 2 I
= 1 - '
A = Ty 1+ (87 Gy -3y (88 (p 70075 170) +
(2, -x,. 1) ] (26)
i7171

where y = £(x) is the equation cf the inside bLuundary curve and
f(x ), and where x, i41/0 = (x +x; 1)/2* defines the end points
of the 1ntervals over wh1ch the Ai are calculated. The generated
) array.Ai is then normalized as follows:

g

(17)

E\«’zw

Hc
3
II

so as to satisfy the following normalization conditisrn (where,

for convenience oi notatvion, we drop the bar on the ﬁi):

Z 4; =), By (18)
i

Finally a t&o-aweep linear interpolation is perfcrmed to obtain
the Fi,k at the peinte Pi from the Gj,& at the points Qj in auch

a way as to satisfy the following two mormaliza:ion conditions:

Z H; Z Gy 20 d=1y oovy m, (19)
4=1

n

>-, Z B] J’k, 1’ s ey ’1, (20)

iwl J

*Th*s definjtion of 2/ iz applicable only for i =1, 2,..., n-1. x 1/
are taken %o fie the leftmoat and rightmost ax1al positions,
respect%velj, of the exposed imside surfaca.

L2~
1




where Eﬁ X%’ j=1, ..., m, k=1, ..., n, is an interim two-dimensional
3

array of view factors, from the points Qj to the points Pi’ ob--

teined daring the first sweep ¢f inferpolatiom.

To make use of the added Task 1.4 program capability, it is necessary to
obtain reasonable values for the input view factors G i and associated

w\Jareas B for each contemplated thrust chamber conflguratlon. For check-
out pnrposes, an extension of the disk method developed by Dr. Simon deSoto
of Rocketdyne (Ref. 10) was used to generate the Gj,% and is described in
gome detail in Appendix A, The disk method is exact for the case of conical
subareas, none of which are occulted or shaded from each other. Because
the occnltations in the checkout case were not severe (Fig. 3), the formulas
were used as if no gesultations existed. No rigorous method was found in
the literature vhich would yield view factors from all portions of a
converging-diverging thrust chamber to each other portion, inciuding the
effects of occultation and shading.*

The input subareas B. employed in the test caae used for checkout were ob-
tained through appllcatlon of Eq. 16 at points Q rather than P, JH*Values
of the B and G A arrays used for the Task 1.A chzckout are given in
Table 1, and the arrangement of the subareas and their approximation by
counical rings are depicted in Fig.'6. The other properties and heating
conditions used for the checkout comparison can be found in Table 4 of

Ref. 2. The checkout run made with reradiation was terminated after 12

seconde of steady firing. Comparisons of computed surface temperature
histories with the previously obtained results are given in Fig. 7 and 8. As
expected, temperatures computed with reradiation effects included were

lover in the vicinity of the throat and higher in the chamber and exit
sections.

*A rigorsus procedure is presently being developed at Rocketdyne. When
available, it would be desirable to program the method and incorporace it
as a subroutine of Link } in 2D-ABLATE., This would eliminate a great deal
of arduous computation, necessary, for example, for application «f the diek
method using & desk celculator, .

##Selection of the end points xzj+1/2 (corresponding to the xg.1 /2 in Eq.16} is
not restricted to midpoints hetween the x Inatesnd, becaunss Judgement can
be move readiiy exercised im 2 hand calcu{ation, they can be taken at any
p 'nt between the x Generally, thay should be choasen on a geometrical
basis go aa to yie’ g subsurfacez whizh ave most nesrly comical in shape.
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TASY 1.B, THERMAL ANALYSIS OF ANISOTROPIC MATERIALS

The 2D-ABLATE program wes extended to permit (upon input signel) any of
the wall materials tc be anisotropic; i.e., to possess two different con-
duviivities, each temperature dependent, one in the major direction (highest
conductivity) end the other im the minor direction (lowest conductivity) per-
pendicular io the major direction, Many wall materials of current interest
are sirongly anisotropic sach as phenolic~refrasil and phenclic-carbon

cioth laminates, which were analyzed in some detail in Task 2 and 3 of

the present program.

For treatment of anisotropic materials, modifications were necessary in
the formulation and discretization of the model as expressed by Eq. 1
through 11 given above. The overall solution procedures, however, vere
substantially unchanged. A discussion follows nf the changes made and

their effect on program results.

Model Changes

f'or an anisctropic wall material with conductivities Kﬂ(T) and KE(T) in
the major {7) and minor (£) directions and & counterclockwise displacement
8%of these directions from the radial (y) and axial (x), the following
version of the energy equation was derived (see Appendix B), in vwhich,

for generality, both conduction and charring are accounted for:

2 d
3T ST JT
2ny3§5}“+24§1 % By (21)

*It should be emphasized that 6 is not what is comzonly termed the orienta~

tion (or angle of wrap), the latter conventionally being taken as the clock-
wise rotation from the axial to the major direction.
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where ;-

2 2 . B

K = K + i =

o £ ©08 8 Kf) 8in“@ o) k

_ . 2 2 22

, K& = KE 8in“0 + Kﬂ cos“8 %%

ny = (Kg - K’ﬂ) 8inf cosbh J

:

and where (pc)eff is used to abbreviate the coefficient of 3T/37 on the 5§

left side of Eq. 1.

:_ , ¥
e For use in the boundary and interface heat flur conditions, given by Eg. 6 g
and 11 above, the following expression was obtained (see Appendix B) for é

the conductivity ia the normal dirxeclion n at the bounding surface: ?

N 2 - 2 §

raf of of ]

LK =) K -25 Ky *+ K y:l/Ll + (50 (23) :

vhere 3f/3x is the slope of the boundary curve, y=f(x,T). ;

No direct changes were reguired for the anisotropic amalysis in Eq. 2,

Ryt

AT

aciy)

the continuity equation for the mass flux of generaled gases witkin a
charring waterial. The direction of flow, however, in an anisotropic
material, as characterized by the ratio of Gi to Gy, ies now assumed to be

oriented with the heat flux vector, as follows¥:

oT,. Of .
6,/6, = K, /% 35 24)

which is seen to be compatible with Eq. 3 sbove for an isotropic material;
i.e., vien K& = K . It can be shown that Eq. 24 closely approximates the

y
expression Ge/ Gfl = (KE a1/ 35,)'(1{”31‘/ an.
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o *An alternative assumption, which was not employed, would have taken the
B direction of flow to be in the major direction 7 of conductivity; i.e.,
Gx/Gy=—t:m 8. It was felt, however, that in gemeral Bq. 24 would be

more apprepriate.
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Discretization o2 32’5‘/3x3y

The numerical solution of the model eguations for the case of an aniso-
tropic material was chtained with a time siep procedure using finite dif-

féerences as in the isctropic case outlined above and detailed in Ref. 2.

Discretization of the anisoiropic emergy eqn}stion, however, required def-
inition of a finite difference analeg of the mixed derivative 32’1‘/31:337.
For the remaining derivatives of Eq. 21, the cenmtered first and second
spatial Jdifference eperators, ﬁx, 5:2,‘., 6}_, 6? , and the first time dif-
ference were employed as defined by Kq. 19 through 23 of Ref. 2.

At an interior point O whose horizontally, vertically, and diagonally ad-
jacent pbints are all regular (see Fig. 2 for definition of regular point)
and vwhere the points are equidistant (as in Fig. 9a for AIA =Ax,=Ax
and A g = AyD = Ay), the following standard mixed difference analog
could have been used with seccond order accuracy (Sce App .dix C for

derivation):
52,5' Ty = (T = Tp + Tg - Tp) /& Ax By (25)

In the case of nonequal spacing (as occurs in 2D-ABLATE in the x-direction),

the following similar analog could also have been applied:

es‘iy_wg = (T - Tp+ Tg - Tp) / (Ax, + &x) (Byy + Ayy) (26)
but oniy with first order accuracy; i.e., with 0(A X, - Axc) + 6{A g -
Fa yD) accuracy (which improves to second order accuracy whenthe poir%s are
equidistant as in Eg. 25 and thus might be termed accurate of order 3,/2
because it is effectively between first and gecond). This would have been
quite satisfactory in the approximation of the energy equatiom because of
the similar truncation error obteined in the discretization of the second
spatial derivatives, Neither Eq. 25 umer 26, however, are employed in 2D-
ABLATE becaunse they too often are inmapgplicable; i.e,, if, for a given
interior point 0, one or veore of the pcints, ¥, F, G, and H de not l.e in

the same material bicause of interposition of bounderies or intertaces
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Various Mesh.--Boundary Configurati
Formulation of Differance Analeg
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{s3 iu Fig. 9b, fer ezample). ¥hat is required instead in such a case _
is & difference analog invelving temperatures at the intercepted irregular
bBemdsry or interface puints {suck as 7, F,, 6, and G, in Fig. b)), On
the othez hand, io formulatc 2 zeparale difference anasiog Tor each su.k
conbination of irregnlsr points (Fig. 9b depicting just ome possible com~
binetion) would be a difficnit taak. Imstead, the following second order
accurate mized difference analogs were derived (see Appendix C), oue for
odd and one for even time ateps, which treat all cases of the type shown
in Fig. 9b because of their formulation in terms of temperature gradients
at the horizontslly and vertically adjacent points instead of temperatures

at thke diagonal points.

£dd_Step:
6;’ To - 2% 8T, - (8xg - 23 LENYE 6yi'c:i/
) [AxA Axc (AxA + Axc)] (27)
Even Step: -

N I 2 2 2 .

(63, 23y (Byy + 237) Las)

Using the defiritions given in Ref. 2 of the second order accurate differ-
ence operators, 6x and Gy’ it can bes s2en that if, as in Fig. 9a, all of
the adjacent points ', B, C, D, E, P, G, and H are regular and in the

sane material, then Eq. 27 and 28 are identical (but do not reduce to the
less accuratz first order analog evpreased by Eg, 26), If, further, the

spacing is equal, bhoth reduce to Eq. 25.

Fquations 27 and 28 are empleved in the 2D-ABLATE program for the discre-
t:zation of the anisciropic emergy equation at each interior point 0 whose

heri1zontally and vertically ad,acent points A, B, C, ani D are also interior
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points. If, however, any of these poinis are boundary or interface points
(as in Pig. Oc, for example), then either Eg 27 or 28 or both are not ap-
plicable directly. Tais is caused by the difficulty encountered in expres-

g
¥,
)
)
3
&)
£
%

sing the first differences 6 Ty, 8 T, 8T JTys OF 6yTC vhen the points B, D, ¥
51 A, or C ave irregular. The same probmm aroge (described in Ref. 2, pages
i
o 47 through 53, apd indicated in the Review section above) in obtaining :

a second order accurate difference analog to ST/0n for use in boundary and

RR Y

"j interface conditions ait irregular points. Here we do not employ the same

At

‘ K device uaed for maintaining second,order accuracy; i.e,, permitting con-
version from 37/3x to 3T/3y at points B and D or from 3T/dy to dT/3x at
“' A and C by essentially letting 3T/3s vanish and using the equivalent con-
‘ dition, 3T/dx = -3£/3x 3T/3y, for the comversion. Instead we revert %o
first or even zero order accuracy, in the eveat of irregular points, by
replacing Bg. 27 and 28, as follows: )

N T T s m

i 0dd Time Step:
2 (0T -8,
. : ﬁ 5 if 4 is regular aud C is irregular
7 5
;‘ ﬁi‘;y Z‘O =< -L-—Z‘;-Zvé’- if € is vegular and A is irxregular {29)
fod Iy
” i i
- 0 if A and C are irregular g
. £
ij g Even Time Sitep:
i‘ -
¥ (6.1, - 671,
i,‘ ~i—‘£—§;*~“ if B is regular and D is irregular
‘ 61, -8 - F
g 6%7 TO =< X 05—?-5-—2 if D is regulaer and B is irregular (30)
X D g
§ .0 iZ B and D are irregular
3 :
2
36
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Digeretizaticn of the Energy Eguation

The discretization of the axnisotropic :nergy equation waz performed as in
the isotropic case im accordamce with the linearization of the generalized

Peaceman-Rachford alternating direction method as expressed by Eq. 30
through 32, Ref. 2. Tridiagonality of the systems of difference eguations
generated was maintained by evaluvating the mixed differernce analogs, as
given by Eq. 27 through 30, at the old time level (i.e., at time T, in the
time atep, Tk - Tk+1) rather than the new. Similerly, discretizaticen ot
the term 2 Ki, (T) 37/3x OT/dy was performed so as to maintain limeerity
and tridiagomality of the difference equations by taking ﬁyT at the old
time level and 6xT at the new in an odd time step and reversing the assign-
ment in &n even step., Thus, in odd and even time steps, the arisotropic
difference equations take the following form (where, following the nota-
tion c€ Rei. 2, Eg. 31 and 32, the spatial subscript 0 is omiveec 4zt is

underateod to apply to each parameter appearing):

0dd Step (7, ~ 'rk+1}‘~

T, ~T 6, H
b+l k. 2 x Tk
(B)ops x —E7— = Fex % Tior (’Qz,k 6% - 5T, Cxkc

K
1 2 k -
Koy OB )60 0 +K L 6T + (SXK? + K 8T

6 B o
R Gyt Ky 5ka> 8T, + 2K Sev T (31)

i xy,k xy,k “xy-
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Even Step (1%+1 " Ty0)t

(e6) Teep " By X £r 4 e
eff, ksl BT = Bk % Tea * Lk %Tea

6xﬂi{+1 0
Y 2
3T Gl * By, ke &) S * By % T

NJ By Y, kil kel ¥ k41 vkl sy

o
2K v O Ty

The notation used in subscripting and differencing the parawmeters, which
follows that of Ref, 2, Egq. 31 and 32, should be seif-evident. In parti-
cular, Gxﬂk/Qka and §yH§+l/ﬁka+l are used instead of the known values
H‘(Tk) and H'(Tk+1), as explained in Ref. 2, to ensure inclusion of all
heat absorption effects when the distance increments used are so large
that entire temperature intervals might be pasaed over in which H'(T) is
relatively largg. Also, j by = yj, the height of the jﬁé-axial mesh liae,

Reviged Programning Procedures

™.z 2D-ABLATE program wag modified for treatment of anisotropic materials
in the input and setup procedures of Lisk 1 and in the time step calculation

performed in Links 2, 3, and 4 (see the Review section),

Upon input signal, any of the five wall materials can be anisotropic. For
each anigotropic material, the input data include the:majof and minor con-

ductivities, Kﬂ(T) and K€(T), read in as piecewise quadratic functions of

temperature, and the counterclockwise angular displacement 6 of the n

and £ directions from y and x. The anisotropic input in Link 1 is then
transformed to equivalent conductivities in the axial, radial, and "mixed"
directions for later use in Links 2, 3, and 4, The transformation is

accompilished by use of Eq. 22,

28

A AR ¢
i ,F:Q, ' R;J:a"‘ b eris L Al e P L NG

e on ok s ot e o

A, L R e e st =

68
(5{,1:-}-1 Y ksl ) N .
+ K! 6 £ = D G + K 7, K+l GXTk-l—]/I Gka-i-Q -

(52)
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The time step calcwlation is performed in Links 2, 3, and 4 as cutlined in
Ref. 2, with modifications in the sclution procedure to account for the

changes given above in L3, 20 through 24 and 27 through 32,

In the solution of the emergy equation, a separate function subprogrem was
used to calculate the differemce analog of the mixed temperature derivative,
thus providing the capability of testing and evaluating alterrative formula-
tions to that given by Eq. 27 through 30. The only alternative subprogram
vwiritten thus far ia one that simply sets the mixed difference identically

to zero, This was used, as will be seen in the checkout section below,

to help assesg the significance of the mixed derivative term,

Checkout of the Anisotropic Capability -

Checkout of the anisotropic program capability was performed by comparison
to previously cbtained results with carbon cloth-phenolic treated as iso~
tropic (the same control case used to check oui Task 1.A and discussed in
the Review section, see Fig., 3). Assumed values were used for the aniso-
tropic input data, Because checkout was not perfprmed with respect to
measured results but cnly by comparison to computed isotropic results,
designation of checkout as successful or unsuccessful was a qualitative
decision based on the predictability of the direction rather thar the
degree of deviation of the anisotropic results from the isotropic. Thus,
the objective of the checkout was to see whether the anisotropic results
deviated from the isotropic in a predictable manner, over a representative
tange of orientations, using assumed anigsotropic conductivities as input

which differed only slightly from th- isotropic values.

Cases evaluated included orientations of 0, 45, 90, and 135 degrees, in
which major and minor conductivities (both temperature dependent) differed
from the isotropic conductivity by a constant (Fig.lO). An orientation

of 45 degrees only was employed for another case in which the difference

39
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_ between conductivities varied with temperature by permitting the aniso-

tropic conductivities to vary linearly with the known isotrepic condec-

T a0V

tivity, as follows:

PSS

Kﬁ(T) = 11K _ (1), Kg(T) = 0.9 KiBO(T).
All cases were firat run using the subprogram which provides a vanishing
mixed difference in the energy equetion and then with the second order
analog expressed by Bg. 27 through 30. 1In this way, various aniseoirepic
effects could be isolated and evaiuated separately,

The results of the checkout are given in Fig. 11 in the form ¢f a comparison

of surface and interior temperaturzs obtained for the various orientaticns

(cases a through e) afier 12 seconds of firing, The classification of

cases a through ¢ (Fig. 11 ) will be maintained throughout the remainder

of the discussgion, Temperatures given in parentheses (Fig.l].) are those - - .

obtained with a vanishing mixed temperature difference in the energy equa-

i
P2 e e eapent okt

tion, Cases a, ¢, and d are analyzed below in detail, and Cese e in

BN

somewhat less detail., Case b is not discussed because the reasoning employed

was similar te that of Case 4.

EHEERN

Case a, 45-degree orientation (2 = 45 degrees*), K, =K, = Kiso(T)’

Ky==0-2 (1077), K, =0. At the inside surface, the normsl conductivity ’

igs obtained from Eg. 23 as foilows:
xz[(af)zx-» P % ]/[1+(af)2]—x s
n ox X g& 6x “xy Sx ~ Tigo -

2
0.2 g—i} (10"5)/[1 + g—% ) ]

*In general, to calculate the equivaleat value of @ for a given orieantaticn
®, we can use 0 = 90 - o degrees for 0 <& <90 degrees; € = 270 - o degrees
for 90 < i <« 180 degrees
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Therefore, to the left of the throat, we have Kﬁ < Kiso because 3£/3x < @,
and thus we should have E&niae > Tiao at the aurface. This inequality is
satisfied in Fig. 11, the calculated values being Taniso = 5063 R and

Tiso = 5053 R. To the right of the throat, the reverse tendency is reflected

(Fig. 11); is 16 R less than T a0’

T .
anigo o

It might be argued that a 10 or 16 degree difference is smaller than the
expected error in the temperature and therefore should be disregarded as
not being significant. This reasoning would be Zalse because we are com-
paring two calculated temperatures, not a calculated temperature with a
measured temperature. There are severel sources of error in thia sort of
calculation. 0One error is caused by the assumption of a neonrealistic

moedel and is a discrepancy hetween real temperatures apnd idealized tem-
peratures. Another error is caused by the method of solution and is &
measurz of how closely the numerical soiution of the finite difference
equations approximates the exact solution of the contiauous model ¢ 3,
Both of these errers can be quite large. However, neither applies to ihe
present discussion because we are comparing two values which are calculated
numerically from almost identical input data. Thus, as long as the mumerical
procedures are reasonably accurate and stable, the difference between the
two calculated vaiues need not be large to be significant. As will be
shown, the consistency with which the expected trends are reflected in

the calculated results indicates that these differences, though small, are

indeed significant.

To svaluate the interior temperatures attained, two subcases must be
analyzed. First, in the calculation made with a vanishing mixed tempera-
ture difference (i.e., with 62xyT = 0) we see that, because K.xy is zerec

as well and Kx = K& = Kiso’ the anisotrupic energy equation reducea identi~
cally to the isotropic case. Thus, any interior anisotropic effect felt

D " WP
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nuat be cniy a reflection of the surface effect.* T?ia iz borne out in the
temperatures calculated, where T, . = 1529° > 15227 = T, to the left

of the throat and T . = 1289° <1293° = T, o to the right of the throat.
In the second subcase, that calcwlated with ﬁ%y T &8 expressed by Eq. 27
through 30, we see that the only difference in the energy equation is
caused by the presence of the mixed derivative. Thus, we can write

or
7 5r

2
31 -5y T (33)
~ pC <= 0.4 (10 ——
-3 Liso ) 3xdy

aniso

Here we have isolated the mixed derivative term of the enrergy equation écj
that the present subcase serves as a partial check of the significance of
the second-order mixed difference ansleg by comparison of results %itid

the subcase in which the vanishing mixed difference was employed.

Because of the gradients caused by surface heating, 32T/3x6y will in gen-
eral be positive to the left of the throat and negative to the right of
the throat, This is caused by generally decreasiagly negative 3T/8x and
dT/dy with increasing y and x, respectively, to the le{t of the throat
end by increasingly positive 9T/dx and negative 3T/dy with increesing y
and x, respectively, to the right of the throat. Therefore, we see from
Eg. 33 that.T&niso should tend to increase with time more slowly than
Tiso to the left of the throat and more rapidly to the right. Thus,
except near the surface where the reverse effect dominates as discussed
above, we should have Taniso < Tiso te the left of the throat and

Taniso > Tiso to the right. Again, we see that there tendencies are
refivcted in the calculated interior temperatures (Taniso = 1508° < 1522° =
Tiso to the left of the throat and Taniso = 1321° > 1293° = Tiso to the
right}. Thus, the interior anisotropic effect is the reverse of the sur-
iace effect and should be accounted for by use of & nonvanishing mixed

*This subcase illustrates the value of simulating the boundary curves y =
f@gf) accurately in the analysis because the only anisotropic effect in the
golution is felt in the value of K;, which depends directly on the slope
3f/3x, To achieve 2 similar effect with alternately horizontal and vertical
segments using Kx and Ky respectively would require a gignificantly finer
mesh and thus conside.ably more machine time for the sciution. This sub-
case further sorves as a partial checkout of the significance of the
isolated surface anisotropic cffect,
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difference cnalog, We mote in Fig. 11 thet the anisctropic surface tem-
peratures calcclated with the vanishing mixzed diifercnce are not influ-

enced by the reverse interior effeci mnd are therefore higher ‘o the left
of tie threat and lower to the right than thome calculated with the second

order difference snalog.

Bven at the throat plane, both on the surface and in the interiocr, the
results obtained are in agreement with expected effects, ;.e., the calcu~-
lated valges exhibit slight tremds characteristic of the corresponding
valu2s obtained to the right of the throat because of the ateeper aurface
slope to the right of the throat (20 degreea as compared to 10 degrzes).

: : . o -5 i
Case ¢. 9d-degree orientation, K, =K. = K, - 0.2 (1077), K, = K=

K. +0.2 (1077), K, =K', = 0. At the surface, ve got

iso

. lae
wotuesor - @)/ B I 5
‘ < Kiao if lE;i >1

Therefore, we expect Taniso < Tiso at all points along the inside aurface,
including the throat, because !3f/3x| < i everyvhere on the surface (the
maximm inclination from the horizontal being 20 degrees). Indeed, calcu-

lated results agree with the expected direction of deviation (Fig. 11).

For the interior temperatures calculated, there is oaly one case to analyze
bocause Kiy ng T = 0 no matter how §§y T is calculated. Actually two
ceses were run, one with vanishing Giy T and the other with the second
order calculation given by Eq. 27 through 30, to check the programming of
the latter. The results obtained were identical for the two cases, as

sxpected.
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With the normelly directed heat flux st the inside surface applied con-’
siderably more in a radial than in an axial direction (the aurface being
inelined only 20 degrees at most froem the horizonial), the radial tem-
peraitre gradients should be much steeper in the interior than the axial
and should alss vary more abruptly. Thus, we can expect that

27y &

«

- -5 - -5 X' =
Then, because K = K, - 0.2(207), By =Ko * 0.2(107%), ! K Kigo
=K - o
and K :,—1&}, 0, we would have

2 2
o7, oT 5 9°7 137 O°T \ s o
DC*"‘o = pl z + 0.2(10 )<~—§+-~<—--—- o Vi
or aniso L igo dy - T
and ve would expect Taniso > Tiso at positions which are far enough intoe

the interior to escape domination by the reverse anisotropic effect at

the surface. This is reflected in the calculated results (Fig.ll ).

180

L Cu -5 e Ko = -
Case 575 O-degree orientation, K = K,7 =K .t 0.2(1077), Ky = Kg = K,
0.2(107°), ny = K‘,\y = 0. The reasoning hLere is just the reverse of that

used for Case c, Thus, we get
.o | Of
< ]| =
Kiao if ' 3 H

0200 [ 1/ e @1
.

’ iy 3 > : at ; i i v »*
and, therefore we expect Caniso Taso the surface, as shown in Fig.ll

In the interior, we get

ar a7 S5y £ 8%F 1 A 907 N\ a7
e = P0 ~0.2(7) (5 + S5 - J< X
& aniso & iso \ By2 y & &2 / ar
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. <T in the intericr, z2xcept mear the surface vhere
apiso iso

the reverse effect dominates,

and we expect T

lase e, Lk5-degrez orienta‘ion, Kx = Ky = Kiso’ K&y = -Q.IKiso, K;y =
°0'1Kiso' Similar reas..'ing applies at the surface as in Case a. In the
interior, however, we must, for the first time, assess the effect of K!'

as well, In particular, by analyzing the subcase for vhich 6§y T ig taken
te be identically O, we isolate the effect of the term QK;gy 3T/3x 3T/dy
in the energy equation as follows:

aniso

. +2K;y&5;.

Therefore, because 37/dx, 8T/dy, and K;y are all negative to the left of

' - 1 < ' > Deeee 3
the throat (ny = ~0.1K} <0 because K! = > O-see Fig. 10), we have

)
oT oT
5| <A E,
aniso izec
and thus T . < T, in the interior to the left of the throat. This
aniso iso

= ° < ° . m
aniso 1517 1522 rIiso)'

Thus, we see that the presence of the term 2K;y 31/3x 3T/dy in the energy

is borne out by the calculated results (T

equation causes a reversal of the surface effect (in contrast to Case a)
and thus constitutes a significant arisotropic effect. To the right of
the throat we obtain the consistent result that in the interior Taniso is

higher than Tiso‘
in the second subcase of Case e, in which the second order mixed difference
is employed, the direction of deviation from the isctropic results in the
interior is the same as in Case a but, as shown in Fig. 11, is more ex~
tveme because of reinforcement by the presence of the nonzero term

2K! dT/dx dT/dy in the energy equation.

v

Awera it DL s o sy LG O 2006

ANt PN B A RO BN Lt # e Ty St Bt 2 i R B v e o

N . '
R S Aty PSRNV

N
Nae S 87 Mk KRR Nanh st

Ve

24 s WIRDAIE 57 3l IR BT LR I e T o RN B T

A




T e R

TASK 1.C, MORE THAN ONE CHARRING MATERIAL

The major effort required for extending the 2D-ABLATE program to trest
the case of multiple charring ablative thrust chambers wag in programming
ratker than in modification of the model equations or of the discretiza-
tion procedures. The latter was reflected only in the treatmeni of the
generated gas mass flux across a material interface; i,e., in the simula-
tion of interface conditions for soluticn of the continuity equation in
adjacent charring materials., The method adopted was to continuz to dis~
cretize the continuity equation at the regular points only (as in the
"old' version of the program in which only one charring m.terial could be
tieated) as if no intervening interface existed. IHowever, t“e thermochewrical
properties and charring temperatures associated with each meint must be

based on the properties assigned to the material in which tle point lies,

The bulk of the programming required for the program extension was thus

of a logical or accounting nature, Additional input allocation and assign-~
v.ent of additionally indexed arrays were required for the constants and
temperature-dependent functions used to describe the gaes generation and

e1rr  1ng reactions taking place within several rather than a single charring
mat. 'ial. In Link 1, the selection of the bounding mesh lines for the
gsolut.on of the continuity equation was extended from a region lying within
a singi. material to 4 multimeteric range. 1In Links 3 and 4, accounting
changes :re required to keep track of the regions and material properties
as the me h lines cross the interfaces and to interrelate generated gas

mass fluxes from one region to another. Checkout of the added Task 1.C
program capability was performed by comparison with previously computed
resuits for a carbon cloth-phenolic thrust ckamber backed by a stainless
steel shell (the same control case used to check out Tasks 1.A and 1.B).

Two cases were run., In both cases the carbon cloth material was axiaily
divided into three separate side-by-side charring materials (Tig.12 }, each
requiring separate input of the same material properties. In the first case,
all materials were treated aa isotropic so that essentially the control

cage was rerun to verily that all the charring calculations were being
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per: azed properly in each region, ™~ . Jerical results obtained were - E
cloce but not the szzec as those obiained in the control case. The dis-
crepancy was cagsed by truncatisn error incurred in discretization of the .
aaditional interface conditions required to express the centinuity of heat 3
iwx from material to material:; i.e., beceuse of the highly ncenljasear char-
acter of the variation of heat f.ux with axiel distance oecurring af iimes
in the neighborhood of tie interfaces. This was particularly irue in the
early stager of the run whken, ir the vicinity of an interface, the tem-
perature had risen steeply on one side end nct &t all on the other side.
Despite this difference in resuits, the checkout was considered io be suc-~ l
cessful because the charring mechanism worked as iniended in the several

regions.

In the second checliout case, the configurstion and materials were the same .
as in the first case but all three charring materials were ireated as
anisvtropic, the chamber and exit materials being given a O-degree orienta-
tion (0 - 90 degrees) and the throat materia! a 90-degr:e orientation
(8=0 degreed), As expected, the surface temperatures olLtained in the

0 degrue materials were higher and the interior temperatures were lower
tuer the corresponding temperatures obtained in the first case, and the

reverge was true in the throat material.

ot
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TASK 2, EFFECTIVE ABIATION PROPERTIrS

INTRODUCTION

The primary objective ¢f Task 2 was to define the eff( +*ive thermophysical
and thermochemical properties of reinforced phenolin resin systems neeiev
for ablative design with the 2D-ABLATE program., The two systems of o=
terest iz the program were pherolic-refrasil and phenolic/carbon cloth.

Properties for these systems .ere used for a portion of ihe 2-D comyute.
runs of Task 3,

Tagk 2 also fulfilled the follow’ng secondary ohjectives: (1) operational
checkout of the 2D-ABIATE computer program, (2) investigaticn of trial
and error techniques for matching experimental data with computed results ’

and (3) analysis of parametzic effects in areas which overlapy 2d with
- Task 3,

The physical properties required in the 2-D program either as functions

of teaperat-ve (., 2, 4, 5) or as constants (3, 6, 7) are as follows:

1. Density-specific hent product
2. Fraction of resin pyrolyzed

3. Heat of pyrolysis of the resin
4. ©Enthalpy of the pyrolysis gases g

5. Thermal conductivity uf the char and virgin materiai parallel

and perpendicular t¢ th, reinforcement
6. Char-reinforcement ressciicn constants
7. Erosion constants

Insoiar as was practical, these properties were obtained from the literature.
The values for thermal conductivity and the enthalpy-tempersture relationship
for the pyrolysis gases were to be obtained by matching the calculated temp-

erature and char profiles of 2D-ABLATE for assumed property values to the




experimental temperature prot..-« amnd _ar depths from ablative-walled rocket
motor firings.

Aprropriate data for the effective property determinations were very lim-
1ted becanse of the three basic requirements such data had £5 meet: (l)
relatively constant rhumber pressure and mixture ratio, (2) a sufficient
number of axial znd radial temperature measurements to define the tempera-
ture prolile as a funetion of time, and (3) injector performance which

gave minimal snd circunferentia?ly-uniform surface erosion.

The test data ultimately selected for determination of the properties of
phenolic/carbon cloth were generated by the Research Division of Rocket-
dyne under Contract ¥AS7-304. Thc results of four 300-second firings with
the propellant combination OFQ/MMH at a nominal chamber pressure of 110
»8ia were employed. Theuse tests provided data at three reinforcement
orientations¥, 0, 60, and %k degrees, together with the thermal response

of & nonablative ATJ graphite-walled chamber,

No entirely satisfactory rocket firing datz were found to determine the
properties of phenclic-:-=2raail zilatives. Under NASA Contract NAS9-150
(Ref. 7), effective properties ¢f phenolic-refrasil had been estimated

by means of the previous verison of 2D-ABLATE (2D-CHAR). However,

these estimates were based upon: (1) the assumption of a single charring
material and isotropic properties, and (2) upon back wall temperatures

vitich showed highly damped response.

The provious estimates of phenolic~refrasil properties from Ref. 7 were
rechecked by calculating the temperature history of the Apollo engine with
2D-ABLATE and commaring the results to the old calculations and to the

origanal experimental data.

In the following sections, the recommended properties for phenolic/carbon
cloth and pherolic-refrasil are presented graphicallv and in a numerical
form directly applicable for input to ths 2-D program. Applicable proper-
ties for the hard throat insert qateriala, ATJ graphite and silicon carbide,

#*0rientation is used here and throughout the Task 2 and 3 discussions %o mean
the counterclockwise rotation 6 as defined on p.31 for use in 2D-ABLATE rather
then the ueual clockwise orientation angle. See footnotes on pp.31 and 41
for the precire relationship between the two.
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are also preseated. Subseguently, the experimental data and matchi
precedures employed to define thermal conductivity for the two ablative

systems are described.

The analysis of the experiwental data used in the phemolic/carbon cloth
property determinations is rarticularly intevesting because it clearly
shows the artifical nature of the ususl bouwdary conditions assumed in

regeperatively cooled rocket chamber heat transfoer sunalyses. It alse

shows the significance of injecter cffects on heat transfer.

PROPERTIES

Product of Density and Specific Feat

The recommended values for the O Cp product of phenolic~refrasil, phenolic/
carbon cloth, ATJ graphite and silicon carbide are given in Fig. 13. The
corresponding numerical input for 2D-ABLATE usage is presented in Table 2.
The method of computation and source data for phenolic refrasil were ob-
tained fvom Ref. 7. A similar procedure using wanufacturer's listed

velues for virgin density and the same degree of resin pyrolysis was em-
ployed for phenolic/carbon cloth, The values for ATJ graphite and silicon
carbide were obtained from Ref. 12 and 13.

Fraction Resin Pyrolyzed

The relationship between degree of resin pyrolysis and temperature is

given in Fig. 14, It represents the recommended input values for the

2D-ABLATE program for voth phenolic refrasil and phenolic/carbon cloth.
In texms of the program input variables
Maximum fraction .esins pyrolyzed = 0.45

Maximum temperature of pyrolysis range = 1750 R
Minirmum temperature of the pyrolysis range = 750 R
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TABLE 2 =
RECOMMENDFD DENSITY-SPECIFIC HEAT PRODUCT INFUT T0
2D-ABLATE PROGRAM FOR ABLATIVE WALL AND
HARD THROAT MATERIALS -
Temperature, - AC D,
 Material R Btu/in,J-R
Phenolic/Carbon Cloth 350 0.015
560 0.015
1060 “ 0.017
1460 0.018
20660 0.018
3460 0.019
7460 0.019
Phenolie Refrasil 2h0 0.0093
660 0.015
90y 0.018
1460 6.015
1960 0.016
3460 0.018
54€0 0.02¢
ATJ Graphite 370 0.015
560 0.0175
1460 ' 0.0195
2060 0.021
3460 0.022
7460 0.022
Silicon Carbide 300 0.012
: 600 0.023
1000 0.929
3000 0.037 i
6600 0.045 b
|
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‘ The curve of Fig. 14 is based upon the data of Ladacki (Ret. 14) for com-
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stant temperature or constunt heating rate pyrolysis in a furpnace. The

A e ke v

data indicate that the Zraction pyrolyzed at a given temperature is
practically independent oi heating rate over the range of heating rates
tested.

RT3

Ir ipitial computer runs conducted with a TAP-1V, l-dimensional computer

program, an upper temperature limit for pyrolysis of 1600 F (2060 R) was

ol " Sl TR B

assumed. The subsequent reduction to 1750 R appeared to improve the fit

warbe car

of experimental temperature histories to computer calculations.

<

Rk tr AR

Heat of Pyrolysis and Pyrolysis-Gas Enthalpy

55 L 1Y

t

The heat of pyrolysis for phenclic resins hag bezn shown to vary with
temperatures {(Ref. 14). However, the 2D-ABLATE inpnt format requires

the assumption of a constant value. A standard value for heat of pyrolysis
of 450 Btu/lb was employed in ell computer runs of Tasks 2 and 3 in this
program. Because the heat of pyrolysis represents only a small fracticn

of the total heat absorbed by the resin and subsequent pyrolysis gas re-
actions, the choice of the value employed for heat of pyrolysis produces
negligible changes in calculated char rates over a range of several hun-
dréd Btu/lb.

A 7 12k 2 SV R 4 e st - I @UONFANIN P L FE 1% Fo LIS A4 LA LS 1

3 The 2D-ABLATE program assumes that the degree of pyrolysis and the

composition of the pyrslysis gases are thermodynamically rather than

AL 50 AR B D

kinetically controlled and, that the pyrolysis gases are in lecal
thermal equilibrium with the char. As a result, the enthalpy of the 3

pyrolysis gas from phenolic resin is defined &s a function of vempera- L3
! ture only. During the Apollo RCS nozzle qualiXication program (Ref. 7), ;
this functional dependence was deduced by two parallel efforts. Develop-
mental test data for the Apelle RCS engine were matched to ccaputer
predictions of cuter skin temperatures and char depth for ac.umed enthelpy- ;
temperature relations. At tae same time, Ledacki's experime: ts (Ref. 14)

obteired deta on the chemical composition of the pyrolysis vapors. An
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enthalpy-temperature curve was cbtained from the respective mole fractioms,
beats of formation, end sensible specific heats of the gaseous species
observed in ladacki's experiments {together with the assumed conversion of
these species to cerbon monoxide and bydrogen at higher temperature), whica
gubstantiated the curve obteined by matching the RCS engine firing data, The

enthaipy~temperatare curve obtained in tie Apollo quslification stndies is

showe in Fig. 15. Recommended input data fo the 2D-ABLATE program are listed
in Table 3. The higher-temperature portion of the curve, which is based entire-
iy uwpon the assumption that the pyrolysis gas is composed of carbon monoxide gas

and hydrogen in this temperature range, is uncertain above approximately 3500 R.

TABLE 3
EFFECTIVE EKTHALPY OF PHENOLIC RESIN PYROLYSIS VAPORS

Temperature, Enthalpy,

—_—B _Btu/ib__
0 0
700 0
11190 750
1560 1850
2060 3850
7460 9250

Thermal Conductivity

The values fer thermal conductivity of phenolic-refrasil parallel-to and
normal-to the silica reimorcement is shown im Fig. 16. The values shown
were determined in the Apollo qualification program (Ref. 15) by a guarded
hot-plate methed using sauples preconditioned at the st temporature.
Brperimental Futa were obteined at temperatures up to 15)0 F, and the
values defined for higher temperatures were estimated theoretically by
assuming intercel rediant trensport contributions (Ref. 7). The thermal
conductivity values sbtained from the het plate measurements were employed

vith a variable pyrolysis gas euthalpy to match the outer wall temperstures

of the SE-8 engine during ectual firisgs to the computed results of 2D-CHAR.
Thus, the thermal couductivity values for phenolic-refrasil given iu Fig. 16

end Table & are consistent with the enthalpy-temperature relations of
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Fig. 15 and Table 3., The data matching done with 2D-CHAR was checked
with 2D-ABLATE as described in & later section of ihis report.

Por phenolie/carbon cloth, the results of the temperature-matching proced-
ures betweer the GFZ/MHH model motor firing data and the calculations of
2D-ABLATE predict an essentielly congtant value for thermsl conductivity
of 8.0 x 1072 Btu/in.-sec-RB parallel to the carbon cloth reinforeezent
(major direction). A siightly betier data fit was obtained by employing

a noderate temperature dependency, witk the thermal conductiviiy decreas-
ing from 10 x 107 ai ambient temperatures to 6 x 107 at 1000 P remain-
ing constunt for higher temperatures. Because of the relatively low
adiabatic wall temperatures in the 03?2/}{3{& model motor (as discussed in

a later section), the zame char depth was obtained with either defini-
tion of thermal conductivity. dowever, the former valme of thermal con- -
dectivity predicts a wore conservative char depth for higher adisbatic é
well temperatures and therefore is recozmended unitil high ediabatic wall

temperature data become available.

The recommended value for thermal conductivity of phenﬂiclcarbon cloth
normal to the veinforcement {mimur direction) is 7.0 x 10™° Btu/in.-sec-R
between ambient temperatures snd 2500 B increasing slowly to 1.5 x 10-5
Btu/in.-sec-B at 7000 B. Because of general similarity between the con-
dactivities of hoth phenolic-refrasil and phenolic/carbon cloth normal

to the reinforcement, a similar temperature dependence is predicted
despite the lack of high-temperature experimental date for compsarison.
The postulated temperature dependence gives conservaiive predictione
(greater char depths) and is therefore recommended. Recommerded values 3

for the thermal condnctivity of phenolic/earbon cloth are given in Table 4.

Recommended thermal conductivity input data for ATJ graphite and silicen
cerbide obtained from Ref. 12 are also presented iz Table 4.

Char Beinforcement Reaction

Provision is made in 2D-ABLATE for reactions between char and reinforce-

ment. No such reactions need be considered fcr phemolic/carbon cloth
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char systems. However, the highly sndothermic conersior of silica and
carbor to silicon carbide was consiczi-d for pheanclic-refrasil ablaters.
In fact, chemical analysis of clar specimens from the SE-8 motor walls
(Ref. 7) indicated no formation of silicon carbide. Pending experimental

verification of apprecisble carbide formatiom, no char-reinforcement re-
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action inputs are reccrmended for phenolic-refrasil,
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ERVIPNS

Erogion Rate Constants

The melting point of carbon is above 7000 F. Therefore, the logical modes
for surface erosion of either ATJ graphite or carbon-cloth reinforced

phenolic char are vaporizatior and chemical reaction with corrosive com~

3

bustion gas species. Thermodynamic, chewical equilibrium calculations
and expervimental data (Ref. 16) indicate that carbon is compatible with f
HF and €0 but is severely attackedinrﬁzﬁ and 802 and, to a lesser exient,
by Hﬁ. The recommended erosion input data for either phenolic carbon
cloth or ATJ graphite are listed in Table 5. They include vaporization
constants from Ref. 17 and chemical reaction rate constants evaluated - .

from data in Ref. 18, 19, and 20 for reactions with HéO, 002, and Hé.
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With phenolic~-refrasil, melting of the silica reinforcement is the primary

K

) e

erosion mechanism; the secondary mechanism being the char vaporizatioa.

Recommended erosion input data for phemolic.refrasil are listed in Table 6.

)

$

For silicon carbide, throat erosion occurs primarily by means of decompo-

Mokiatn

sition at temperatures above 4500 F. This erosion is treated as a vapoer- % L
ization mechanism with a total vapor pressure equal to the sum of the ?_}%
partial pressures of the decompositicn products, Recommended erosion L

2

parameters based upon vapor pressure data in Ref. 21 are listed in Table 7.

Y

.
I o w3 L

- The proposed constants have not been verified by comparison to rocket -

motor firing data.

S tf,
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TABLE 5

EROSION INPUT DATA FOB CAHBON-CLOTH REINFORCEL PHENOLIC ABLATORS
AND ATJ GRAPHITE

Data Input
) Parameter Yaiuge Igeatiag
Vapozization Mechanism
Diffusion Goefficient, in.>/sec 0.04 896 + Bn*
Vaper Molecular Weight 12 897 + 8n
Vapor Pressurs Constant, psia 5 x 168 898 + 8n
¥olar Latent Heat, Btu/') mole 5314000 899 + 8n
Muss Latent Heat, Btu%‘,) 26400 900 + 8n
Density, 1b/in.3 , 0.081 201 + 8a
Specific Heat of Vapor, Biu/1b-F 0.44 962 + 8n
H20 Heaction Constents
Molecular Weight of H,0 18 936 + 8n*
Free Stream Mole Fraction of HQG From performance 937 + 8n
o S calceuliation )
Rate Constant, in./sec 2,48 . 938 + 8n
Activation Energy, Btu/lbh mole k.21 x 161 930 + 8n
Heat of Reaction, Btu/lb 5000 930 + 8n
Mass Diffusion Coefficient, in.2,/sec 0.034 943 + 8n
Product Specific Heat, Btu/1b-B i 0.%7 942 + 8n
H2 Reaction Censtants
Melecular Weight of Xy 2 576 + 8o%
Free Stream Mole Fraction of 32 From performance 977 + 8n
calculation
Rate Constant, in./sec 0.895 . 978 + 8n
Activation Fnergy, Btylb mole 6.8 = 10* 979 + 8n
Heat of Reaction, Btu/lb 1. 4506 280 + 8n
Mass Diffusion Coefficient, in.“/sec  0.0%5 981 + 8n
Product Specific Heat, Btu/1d-R l 1.0 282 + 8n
002 Reaction Constants
Molecular Weight of CO AN 1016 + 8a¥*
Free Stream Mole Fraction of 002 From performance 1017 + 8r
zalzulation
Rate Constant, in./sec 0.138 1018 + 8n
Activation Energy, Btu/lb mole 35000 1019 + &n
Heat of Reaction, Btu/1b o 4500 1020 + 8n
Mass Diffusion Coefficient, in.%/sec  0.0214 1021 + 8n
Product Specific Hest, Btu/Ib-E |  0.25 1022 + 8n

¥Index n goes from 0 to oae less than the number of regions
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TABIE 6

FROSION INPUT DATA FGR PHENOLIC NEFRASIL

ABLATIVE WALLS

seaavemd]

’
Data Input

Parameter V:luz Location

Meltiag Mechanisn

Helt Layer Thermal Conductivity, Biu/in.-sec-R| 4.6 x 1077 | 256 + 8n*

Viscosiiy Comsiant, ib/in.-sec 2.07 x 16-8] 857 + 8n

Viscosity Activation Energy, Btu/1b mole 2.32 x 109 858 + 8n

Melt Specific Heat, Bte/lb-R 0.30 859 + 8n

Melt Density, 1b/in.J 0.08 860 + 8n

Heat of Fusion, Biu/1b 100 861 + 8n

H¥riting Temperature, R 3360 862 + 8n
Vaporization Mechapisn

Diffusion Coefficient, in.2/'sec 0.04 896 + 8n*

Vapor Molecular Weight 12 897 + &n

Vapor Pressure Constant, psia 5 x 108 898 + 8n

Molar Latent Heaf, Bin/1b mole 314000 869 + 8n

Mass Latent Heat, Biu/lb 26000 . 900 + 8n

Density, 1b/in.? 0.081 901 + Bn

Specific Heat of Yapor 0.4k 902 + 8w

i _— |
TABLE 7
IROSION INFUT DATA FOR SILICON CARBIDE
Data lrput
Parameter Value Location

Vaporization Mechanism

Diffusion Coefficient, in.2/sec 0.01 846 + 8n¥*
- Vapor Molecular Weight 50 9 897 + 8n

Vapor Pressure Constant, psia .28 x 10 898 + 82

Molar Latent Heat, Btu/1b mole 215, 600 899 + 8n

Mass Latent Heat, Btu/1ldb 4900 360 + 8n

Deasity, 1b/in. 0.01 901 + 8n

Specific Heatv of Vanor 0.2 902 + 8n

*Index n goes from & to one less than the number of regions
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ESTIMATION OF EFFECTIVE THERMAL CONDLCTIVITY

Phenolic/Carbon Cloth

The effective anisotropic thermsi conductivity of carbon-cloth reinforced
ablatives was determined by comparing experimental wall temperature pro-
files measured in medel rocket moter firinga to the profiles caleulated
by 2P-ABLATE with assumed valaes of thermal conductivity. The experi~
mental aatu used for comparison were geaerated with the hardvare shown
in Fig. 17.

&n ATJ hard throat section backed-up by porous graphite (Ref. 22),

It consisted of an ablative-walled combustion chamber and

The experiwental conditions for the four teats employed in the data-match-
ing procedure are listed in Table 8. The four tests covered reinforcement
erigntations of 0, 60, and 84*, together with a test in which the combus-
tion chamber walls consisted of the nouabiative ATJ graphite. Considera-

tien of three reinforcement orientations permitted the definition of the

T oy
5 z

directionsl thermal conductivity of the ablatives while the data from the

pazsive ATJ graphite wall fTiring established the hot-gas boundary conditions.
TABLE 8

R’ CONDITIONS FOR OF,/MH FIRINGS (SZF. 22) SELECTED ¥OR
EVALUATION OF EFFECTIVE PROPERTIES FOR PHENOLIC,CAWBON CLOTH

A T PSSR e, e

6&

*The orientation iz expressed as the angle between the reiaforcement ard
the radial vector consistent with the 2-D ABLATE definitions.

Test Number
. -
1} 2 5 4
Nomiuel Chamber Pressure, psia 110 110 110 110
Nominal Mixture Ratio, o/f 2.0 2.0 2.0 2.0
Mainstage Duratiion, seconds 300 200 300 300
Throat Iusert Material ATS ATJ ATJ ATJ
Chamber Insert Material ATJ | Phenolic/ | Phenolic/ | Phenolic/
Carben Carbon Carkon
Cloth Cloth Cloth
Ablative Material Reinforcement | - 0 60 84
Orientation (relative to radial 4
coordinate), degrees : 'g

%,

3

;
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Fxperimeatal wall temperature protfiles in ihe combustion charber walls
vere obtained from thermocouples embedded at the axial locations and
depths (from the hoi-gas surface) given in Table 9. The temperature his-

tories recorded dauring the four moter firings are listed in Table 10,

The overall OPA/EHH experimental prograc from which the data of tests

1 through 4 ve;e obtained included a series of very short firingsg in
copper—walled charbers cnder conditions of chasber pressure, mixture
ratic, ckamber geopetry, and injector corfiguration very similar to tluse
of tests 1 througk 4¥. With proper instrumentatiou and reduction of cir-
cunferential apd axial conduciion, the trapsient wall temperature data
froz» such firings permit a8 calcrimetric measurewent of the heat fluxes

to the copper walls under conditions of higk gas-ito-wall {temperature dif-
fer:nce. From the fransient heat flux data, the gas-side heat transfer

coefficient is defiped by

h =5 (2-1)

where Taw is the adiabatic wall temperature determined from the thermo-
dynamic gas stagnation temperature by propellant performance calculations
at the bulk mixture ratio. The gas—side heat transfer coefficient profile
defined by the cepper-well motor firings (Ref. 16) is shown in Fig. i8.
The shape of the curve in Fig. 18 agrees with the prediction of the siup-
1ified Bartz equation (Ref. 23).

Based upon the data in Fig., 18, the first attecpts to match experimental
and calculated wall temperature prefile emplvyed a heat transfer coeffic-
ient calculated by means of the simplified Bartz equation and an adiabatic
wall temperaturc based upon the thermodynamic gas stagnation temperature
at a mixture ratio of 2.0. From the Rocketdyne N-elemeut perfermance pro-
gram (Ref. 2&), T, was equal to 6200 F.

Initial trisl and error calculations to determine effective thermal con-
ductivities were conducted with TAP-4 computer program modified for ab-
iative calculations, The forpmlation, method of calculation, and speci-

fication of physical properties in TAP-4 are essenvially the same as those

66
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TABIE 9

LOCATION G THERMOCOUPLES USED TO MEASURE EXPERIMENTAL
TEMPERATURE HISTORIES USED FOR EVALUATIGN OF
EFFECTIVE PROPERTIES FOR PHENOLIC/CARBON CLOTH
(Thrust Chamber Locutions, OFb/Amine Tests 1 Through 4)

&

5%

x

37
"

I
¥

k3
)
|2

.
}QQ%A

X

%
3
Z
§
£

Test Nunber
1 2 3 k4
Thermocouple Axial ard Radial Coordinstes, inches
Number X Y X Y X Y X Y
1 5.23 |2.11 | 2.87]2.61 |2.87]2.61| 2.87]2.61
2 5.48 |2.9% | 2.87]2.16 |2.87] 2.16| 2.87]2.75
3 7.73 {2.11 | 2.87}2.9312.87| 2.93| 2.87|2.93
4 7.98 {2.94 | 2.8712.36 |2.87| 2.36| 2.87]2.36
5 5.2312.11 | 5.7%]2.61 |5.7%1 2.61| 5.7412.61 -
6 5.48 12.9% | 5.7k 2.16 5.7} 2.16] 5.742.16
7 7.73 |12.11 | 5.7412.93|5.74( 2.93| 5.7%|2.93 -
8 7.98 |2.9% ! 5,741 2.36 |5.74 2.36] 5.7h| 2.36
9 10.32 {2.9L y 9.48 | 2.46 | - - 8.97(1.90
10 11.32 y2.94 | 9.48 1 1.71 | - - 8.9712.93
11 - - 90.4812.93 ~ - 9.4812.32
12 - - 10,321 2.32 | - - 9.48 1 1.72
13 - - 10.32 1 1.57 | - - 9.4812.93
14 - - 10.3212.95 1 - - 10.32 ] 2.32
15 - - 11.38{ 2.36 | -~ - 10.32 | 1.57
16 - - 11.38{ 1.76 | - - 10.3212.93
17 - - 11.38 1 2.93 | -~ - - -
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Test 1 l;}- Test 2
Thercowcoeple Xusher |
Tize, i 2 3 5 5 6 7 8 9 10 Time, 1 2 3 %
ecands Texperatere, ¥ secopds
so] 81| s2] 87| 87| 83| 85| 85| 87| | %ff 75 |s5] B| wl eo
10.0{ 6801 2657 710 360| 6057 205] 6701 280 78{ 175 10.0 85 721 90 8G
29.0 {31119 620111751 6801055 | 60513110 590 ¢ 4251 %GO 26.0 80 | 1661 40 80
50911395} 3901580 69011575 | 870 114901 8&n 1 625] 385 38.90 80 | 150! GG 90
50.0 {1610} 11351 1825 {1250 | 1620 {1090 | 1770 | 1040 § 790| 730 0.0 80 j 215§ 991 16D
! 59.0 {1800 ] 1330 § 2060 § 1440 | 1815 | 1260 {2050 | 1185 { 9301 870 59.0 85 12851 95 *gﬁ
i 60.0 11955 | 1570 ; 2230 } 1585 ; 1970 { 1410 } 221C | 13510 | 1060 | 1010 60.0 95 {1 %065{ 951 135
i 70.0 |20%0 | 1580 | 2355 | 1695 | 2065 11535 { 2535 1 143G | 1170 { 1110 70.0 {110 | 305 109 195
80.0 12110 ; 1650 § 2430 1 1805 | 2170 | 16%0 | 2440 | 1535 | 1270 | 1205 86.0 130 | 595{115| 240
l 90.0 | 2160 i 1690 { 2515 | 1906 | 2235 {1730 | 2515 | 1€35 | 1360 | 1285 90.6 {155 | 6651135 290
t' 100.6 12195 | 1755 1 2570 | 1990 | 2285 {1805 | 2575 1730 1430 | 1360]] 1060.0 195 729 168 )%?
[ 126.0 | 2250 | 1830 | 2635 | 2040 | 2375 | 1930 | 2650 | 1890 | 1545 ; 1475 120.0 1290 § 8451210 %;2
I; 150.0 {2300, 192 | 2670 | 225¢C { 2450 | 2030 | 2715 | 2015 | 1620 | 1580 1400 360 § 956 3501 365
150.5 | 2347 | 1985 | 2710 | 2335 | 2500 {2165 | 2565 | 2120 | 1680 | 1670)| 260.0 [410 j1025 | 420 ] 660
l 180.0 {2370 | 2040 | 2755 | 2400 { 2540 {2170 | 2800 | 2210 { 1750 | 1750 180.C {455 {1120 1435 740
200.0 {2395, 2090 | 2780 | 2450 | 2580 | 2220 | 2835 | 2280 | 1810 | 1820 200.0 1490 |1260 | 430} 820
220.0 {2510 § 2120 | 2805 | 2505 | 2605 | 2260 | 2860 | 2340 [ 1870 | 1890 220.0 30 {1400 {500 890
240.0 {2525 | 2155 | 2835 | 2550 | 2620 | 2295 | 2880 | 2390 | 1925 § 1945 240.0 }575 [1486 {540 | 960
26¢.0 [2540 | 2175 | 2860 12585 | 2635 {2325 | 2900 | 2435 | 1980 | 1995 260.0 1615 |1525 { 580 ! 1040
550.0 12545 1 2200 | 2660 | 2620 | 2640 | 2350 | 2920 | 2480 | 2030 | 20451 280.0 |[650 ;1580 { 625 | 1145
293.5 24&5 2926 { 2650 | 2650 | 2645 12370 | 2925 | 2550 | 2070 | 2675 369.0 |[685 [1625 | 680 | 1270 |
i. 'i’est 3 IV, Test & f
— Thermocouple Nugmher :
Tise, ! 2 ] 3 l 5 { 6 l 7 l & } 9 l 10 Time i l 2 r'3 ] 4 J:
seczonde Temngzature, P seconds
40.0 Y5 | 145 531 110 90 | 220 90| 110 40.0 25
59.0 | 100 2351 05| 150 %51 330 951 13 50.0 9| 20
$0.0 1 1151 280} 115 180 | 100! 425} 10C6| 180 60.¢ 8651 25 20 |
70.0 1 130 3451 130} 235 | 110} 5i0) 100} 230 70.0 1 10 95| 30 25
80.0 155 410! 155 285 | 130} 610 105 | 285 80.0 | 15 1 135 ] 35 50
90.0 | 180 4704 175 330 | 145} 720 { 115, 350 9G.0 | 20 } 185 | 40 70
100.0 | 215 535 2601 380 1 1720 | 915, 1207 41 100.0 1 30 | 235§ 45 85
120.0 | 300 665§ 275 | 47=| 225 1155 | 140 | "60 120.0 | 45 { 320} 45} 115
156.0 1 3751 799 345 | 570.1 299 {1350} 175 | 710 140.0 { 70 | 340 ] 557 170
160.0 | 440 | Q2! 395 | 705 ] 353 [144%5 | 210 875 160.0 |100 | 365 65| 210
180.0 { 500 [ 10306 | 435 | 810 { 410 [1620 | 255 | 1049 180.0 {125 | wuS5} 85| 250
200.0 | 560 | 1i20 | 465 | Q900 | 480 |1715| 290 | 1185 200.0 {150 | 585 ;100 | 285
220.0 | 615 (1205 ] 490 { 980 | 560 {1785 | 335; 1315 22¢.0 1175 | 705 1115} 320
260.0 | 66511280 510 (1050 | 640 [184%0 | 390 | 1420 2450.0 1195 | 81511301 280
260.0 1 720 11345 525 11120 730 | 1875 | 4551 1500 260.0 |215 | 905 | 145 ) 460
280.0 765 | 1405 540 { 1190 | 820 {1905 550 | 1575 i 280.0 | 230 | 975 | 160 5590
293.0 | 800 {34351 550 ]1230{ 885 {1920 | 585 | 1615 hgﬂa?wv@ 295.0
o 2 _,(,‘ — -
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COUPLIZ DATA, 07, [OENE TESTS

s e

ist 2
Thermoconnie Noxber -
12 [5ps bs516 17218 o bwfaulwls|wlsle]ig
Texperature, 7
851 75| 98] 80] 85| sof 90| sof 2607 620 1s5] 225] 305! 105] 200] 355 o3
8 | 75 90f 801 8| 80 90} &0 396| 7551 200 310} 615{ 135! =s0j i90| :
& | 2 S0 80 : 80 8] 30 80! 715111751 %591 35903 9i5
80 { 150) ou| 90} 80§ 105 o¢ ;
80 | 2i5| 90! 106 | 80 ] 160§ 90| is51 1170|1685 s8o| csnl 155 870; 1670 ; 3510
85 1295) 95({ 1s55] 85| 215] 90 165] 1555 1855 | 1910 | 1150 | 129¢ 1095 ] 1200 | %05
95 1405] S5 155] 65| 2951 95! 225 1470 { 1960 | 1110 § 12751 1625 | 889] 1320] 1535 | 26
130 | 5051100 195 '105 | 410 {100 § 290} 1595 | 2680 | 2165 | 1505 | 1755 | 959) 1225} 1425 | 555
130 § 5951 115] 2&C, 115 | 520 }100 | 360 1700 | 2186 | 1205 | 1495 | 1860 | 1c0a} 1535 1525 | 670

155 | 665]135] 290 {130 | 615 1110 ; %35 1265 | 2275 | 1950 | 1595 | 1355 1856} 31505 1610 | 750

195 | 7201160 340 1150 § 710 130 | 500} 1885 : 2560 | 1510 | 1630 | 2055 [ 121D 1290 4§ 1780 ; 830
290 | 8451210 4551190 | 865 1160 | 6261 29%5 : 2485 | 1415 | 18351 221¢ | 1256 i6tC 8531 935
360 | 950 | 3501 5651250 {1015 {205 | 7551 2180} 2575 } 1520 | 1986 2346 {1353 1775 1385 j 1110
510 11025 {420 ] 66C | 531G {1180 |255 | 840 2500} 2640 | 1620 | 2110 2560 | 1275 1895 § 2069 j 1225

455 {1120 | 445 740 } 390 {1565 {510 | 965 | 2410y 2699 | 1700 | 22:5 | 2555 | 1575} 2005 | 2160 { 1550
490 11206 | 540 | 820 | 465 11410 | 380 | 1105 | 2495 | 2755 ; 1780 | 2510} 2655 | 1660} 2090 | 2235 | 1225
350 {1400 {500 89D ;555 iia 450 | 1260 { 2570 | 2780 | 1855 | 239¢ 1§ 2690 {1755} 2175 ! 2280 { 1510
e 1575 [1480 | 540 | 960 | 635 11510 540 {1420 | 2640 | 2815 | 1920 | 236G | 2705 | 1855 | 2250, 2335 | 1590
pe | 615 11525 | 580 | 1040 | 690 11555 | 510 ;1560 | 2695 | 2855 | 1995 | 2525 | 2695 | 19104 2320} 2560 {1

F 1650 |1580 § 625 { 1145 | 740 | 1609 | 675 j 1640 1 2750 | 2890 | 2055 | 2590 | 2745 | 1975{ 25751 2395 | 1750
685 11625680 | 1270 | 785 11725 | 755 | 1665 { 28G0 2920 | 2105.] 265C | 2765 | 2030 | 2210 | 2510 | 1820

Tharwmoccupln Hurber

1 J2 [57% [5076 (7178 [ 9 Tio [ujiz]i3]w] 15]16] 17

F:
%
365; 6] 75 Nﬁi
9] 8/ 11535 790 820 1160 ; 90| 728) 215 215
550
770
K|

Tempe rature, F 4%

25 60 1419 | 86511005 {1450} 865 | 876

501 20 95 10 | 1605 | 1025 | 1200 | 1670 1050 | 1070

651 25 20 130 15 | 1770 11155 | 1365 { 1850 | 1209 | 123D

10 951 30 25 165 35 1191C ;1280 | 1505 | 19951 1338 | 1365
i5 1 135§ 35 801 10 § 210 55 1202011385 1630 | 2125 1845 | 1L¢D g
20 | 1851 40 701 15| 270 75 12125 ] 1485 | 1740 122351 1558 | 1595 i

30 1 235 45 851 20 1 350 95 | 2215 {1580 1 1850 | 2330 | 1645 | 1695
b5 | 3207 45 115 25 | 46C | 20 |135 | 2305 | 1740 12010 | 2505] 1810 | 1875
70 | 340 | 551 170 60} 586 | 35 |175 | 2495 | 1865 | 2160 | 2645 | 1960 | 2090
100 [ 3655 65| 210 85 § 750 { 55 |226 ;2610 | 1995 | 2262 | 2750 | 2098 { 2155
125 | 845} 85| 250 [ 110 | 960 | 75 {275 | 2710 | 2100 | 2420 | 28451 2195 { 2299
1150 | 585 11001 285 | 125 {1110 ] 95 1335 | 2799 | 2200 {2526 { 2905 | 2235 | 2390
175 | 705 | 115} 320155 11230 {120 [ 405 | 2855 | 2285 | 260G | 2970 | 2365 | 2485
195 | 815 150 | 7«0 | 175 |1326 | 125 %90 | 2910 2355 | 2665 | 3020 | 2440 | 2555
215 { 905 ] 185 | 450 ; 215 |1360 | 130 | 590 | 296C { 2420 | 2725 | 3070 | 2500 | 2625
230 | 975 116u | 550 | 230 {1370 | 135 ! 7iC | 2995 | 2480 ! 2775 | 3115 2560 | 2700
3025 | 2525 | 2805 | 3145| 2610 | 2745

s
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explorad in ZD-SHEAVR, oxcept i3t 1% is ora-dimensicms] =3 nics
isolrapic iz 211 pereveters. Tee thermmemmle dsto obisized in ihe com-
tostion chember wvare xpecied 30 Be ame—sbles 1o coe-gimemuicmal amziyeis
Seceuse the axiel veriziien in tenperatore iz doari-aded by radisd semper
alure gradienis iz thje regicom.

Suceersive compaiasr Tons over 2 wide ra—pe of radial thermal com@zctivities
9id pol produce 2 maich with the exparimental texsersbure profiles for zmy
reinforcem=nt oriemfulicn. Noreover, when ihe ssazwed redizl thermal svoe
cuctivities el zoy two reinforcerent orismistions which wonld prodace &
zzich belveen compuler—csiculeted zo3 sxrerimental cher depihs at these
oriepdziionz were candined {o calealate ihe uajor z—4d micor sxis thermsl
conductivities aecordirg %o

iy =:kn cos? § 4-3% sin’ & (2-2)

tke resulizat definiiien of radial copdnediwiity for the third orientation
did oot prodoce 2 zzich between compuier calcenlation and experiment.

Several cazpuier runs were conducied with 2B-I8LATE {o maich the iewper—
aturee in Test 1 with the M%7 graphite chacher (Tobles 8 apd 16) The
calcalated surface terperatures ia the throai region were close to the
adiabatic wall temperature (6200 F) raiher than the values of 30090 £o

3500 F measured with the opiical pyrometer.

Becanse ¢f the discrepancies between ralceiaiesd and measvred terperatures,
the gas-side boundary copditions were revieved with particular attertion
gZiven %o possible injector affects on thrust voachber heat transfer. The
injector ecpioyed in the test hardware was particularly designed for a

low wixture ratio near the chacher wzlls so az to reduce the concentra-
tion of water vapor b2low the corrosive limit.for carbon walls. Sampiing
of the injector spray patiern under cold flow conditicus had deconstrated
that the mixturs ratio near the wall was redaced to less them 1.0 (Ref. 16).
At this mixture ratio, the thermodynanmic gas tecperature is 5000 F, Un-
published gaseous mixing experimenis at Rocketdyne have shown that paraliel

gas aireams have nol approached equilibrium after as cuch as 22 equivalent
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streen dizneters. Fkeredors, it is resscpable to =xpeci thei the eo=bustion
gas in tocket ckerders kes a2 lecel ltemperstare defined by the mixture
ratio distribmiion st thke injacier.

Zor ike injector ezmloyed in the 2blative moior firings, the adiadstic
wall texpersinre was ihersfore Ejpoihesizad o be much less than the
thermodzoeric Sexperazimre for the bmlk xmixiure rastio as assumed for regen-
eratise cooling. The ircrezse in mezsured wsll iemperatures from the
injector to tke throat for thke dstz of Tesi 1 aiso imdicated thet the
2disdatic wall iermperziure wes 2 fmnetion of axiel distance.

Realistic velues for the sdiabatic wall tesperature and the gas-side heat
tranefer coefficient in the test herdvare vere derived Yy =n iterative
procedure. JZn adizbstic wail tezperature distritmtion was first assumed.

A dastribeiicon of heat itramefer coefficienis was calculated so as to re~
sult in ithe =xperimenital hzet 2lux profile to cepper chezher walls st

202 P. These adiebestic wall texperazinre amd filz coefficient distribu-
tiszs were iien empisyed vith ZD-ABLATE to celeulsis the wall temperatare
profile of Test 1. 1f a maich was not obtained with experimental values,

a pev get of valuea for adiabetic wall temperatures was posiulated and a
nev iferztion was copducted. The precedurs was countimued wmiil cziculated
and experizenial wall temperatures converged. The final distributions of
2diabztic wall tempersture and heat transfer coefficient are given in Fig. 19.
%th« ges-side boundary coaditions shown in Fig. 19 produced the wall tempers-
ture hisiories showr as dotted curves in Fig. 20. The corresjonding experi-
zeptal temperature histories are saperimposed thereon as solid curves

showing reasonably good agreement between computed values and experimental
results.

On the basis of the revised gas-side boundary conditions, new sets of ablative
wall temperature profiles were derived with the TAP-4 computer progrem for
asguned velues of thermai conductivity. Becanse of the relatively low adia-
hatic wall temperatures imvolved, the range of calcnlated wall temperaturas
wag relatively narrow for carbon cloth ablatives. Therefore, it was consid-
ered impracticel to define a temperature dependency for the thermal
conductivities derived. Examples of the match between experimsntal and
calculated temperature profiles ave givea in Fig. 21.
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Termperature Profiles in Carbon Phenolic Ablators
.t 280 Seconds for an Adiabatic Wall Temperature
of 2800 F and a Ecat Trzusfer Coefficient of
0.0008 Btu/in2-sec-F
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The curves represe;;"EBEiﬁﬁe&ﬁresult&«hxm?h?‘?AP-& program for various
values of thermel conductivity. Further refinement of the computed results
was subsequently accomplished with the 2D-ABLATE program. It is because of
the relatively low wall temperatures {both calculated and experimental)
shown in Fig. 21, tbat no verificaticn of the high temperature thermal con-
ductivity of the ablative walls could be made. ZRecket motor firings giving
verified adiabatic wall temperatures of at least 5000 F under well-
instrumented conditions are reguired to obtain such high temperature

information.

The comparison bctween calculated and experimental profiles for the three
reinforcement orientations was combined with that hetween the experimental
and calculated char depthse¥* and weighted with the requirement that the
radial thermal conductivities for these orientations be related by Eq. 2-2.
Based on all considerations, a constant value of 8.0 x 1072 Btu/in-sec-F
is recommended for the major direction thermal conductivity together with
a minor direction thermal conductivity which ranges Trom 7.0 x 10~ to

1.5 x 1072 Btu/in.-sec-F as given in Table k.

Phenolic Befrasil

The approach used to estimate the effective thermsl conductivity of
phenolic-refrasil differed markedly from that employed for phenolic-
carbon cloth. Because the effective thermophysical and thermochemical
properties of this system had been estimated under ancvther contract with
the 2D-CHAR (isotropic) computer program (Ref. 7), their validity had to
be checked with the {anisctropic) 2D-ABLATE computer progrem.

The experimental data used for comparizon were those obtained on certain
guaiification tesis of the Apollo Command Module rocket engine and nozzle
extension. The computier model of this test configuration is showm in

Pig. 22. The specific date employed wexre the backwall temperature

*Fxperimentsal char depths were based upon photographs of sectioned chamber
walls., Calculated char depths are based apon the 1000 F igotherm.
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histories Guring & given mission duty cycle et two extarnsl points. The
axial locatione {Pig. 22) correspond to (1) the nszzle throst, and (2}
& point 1 inch downstream of the upstream face of the woior =ounting
flange.

Beczuse of the limitations of 2D-CHAR (mentioned sbove), the original
efZective properties were esticated withcut comsideration 2f amisotropicify.
Additionally, the reinforcezent orientation in the chezber/extensiox

{45 degress relative to the ckacber centerline) differed from that in the
nozzle (parallel to the nozzle centerline}. Two separate calculations
were made to produce a zatch between the experimental and predicted back-
wall temperature histories. The firsi, in which the reinforcerent orient-
ation in the entire motor was assumed to be L5 degrees and ihe second, in
which it was assumed to be @ degrees. With these assumed orientations,
the effective thermophysical and thermochemical properties weré estimated
by separately matching the throat station and mozzle station data (Bef.
7). This approach with the ZD-CHAR was required because that program was
limited to isctropic properties and could accommedate one charring mater-
jel only. The property variation resulting from a different orientation

of an avisotropic material is in effect a second charring maderial.

iter resolving the anisctrcpic properties estimated with 20-CHAR into
+he major and minor directions, the properties as previously estimated
were submitted oo 2D-ABIATE, The results are shown in Fig.23 and 24 .
The experimental Apollo data as well as the backwell temperature history
predicted by 2D-CHAR are superimposed. The differences are nominal; e.g.,
novhere exceeding about 20 F at the throat station. The effective thexrmo-
physical and thermochemical properties thus estimated were preseated in
Teble 4. Again it skould be remembered that temperature measuremenis in
the range shown in Fig. 24 and 25 are not a verification of ablative

thermal conductivities at high (®2500 F) temperatures.
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i TASE 3, DESIGNER'S GUIDE
.f The $vo-dimensionzl coxputer progran iz ideally sumited for the calculation

! of cher rate, erosios, and termerature cistribrtion within curved boundaries

- angd mmliimaterial cenfignraticna typical of real thrust chamber wallg if .

! ail the systes parsseiers required for progran inpui are kaown. Hewever,

RS s S e

U WP

the nse of ike cozputer progran te opiimize an ablative wall configaration
within the conairainmis of ap overall engine design reguires an iterat.ive
procedure in which the parameters nmot cezpletely fixed by mission reguire-
ments arc sgysiecaticzily varied. Because of the large nerber of possible
parameters to be coﬁsidered, a systesatic ablgtive design requifes that the
approxicate effects of the most important parsameters be known in advance;

atherwise the numher of iterations beccmes excessive.

Suobscquent sections of this report provide the designer with information
reiating the usefnl life of ablative chamber walls to the more important
operating variables and materisl properties. Discussio is restricted o
the follewing thermal responses: (1) char rate, (2) thermal penetrr .iom,
and (3) surfzce erosion and surface temperature. Other factors in wechan-
ical design which are related to thermal history such as material strength
and thermal siress are nnt congidered. Discussion is also restricted to
the phenolic resin systems and to the common reinforcements, refrasil and

carbon cloth.

SIGNIFTCANT PARAMETERS

The variables known to be important to ablative chamber design can he

divided into three categories:

1. Combustion gas properties and operating conditions
2. Chamber geozetry

3. Wall materia’l properties
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Toe propellani eoxbinatien zod mixtare retic Zefize {he gz2s teuserature
and sack propertiss 2z specific heat, molectlar weight, z=d Tisco=isy
vhich in torn define the heat wrensfer coefficient ard the ¢szeesivation
of :orresive gasecus species (Eéo, Q,, =4 Eé). The adjsdetic wall
tezperature and the eifective gas preperiiez zre spacified by the xixizve
r&tio mear the wall., Thoe chezber eperating conditions which sffest
abiative charher design are duity cycle, chzuwber preecure, acd thrast
jzvel. Duty cycle specifies not only the total firing duratien tZai alsc
the available cooldown pericds between successive firings. To the exteant
that sensible heat stored in a cher lzyer or refractersy throzf insert czn
be lost 57 radiaiion beiwevn firing pericds, tke lergih of the pulses

acd the interposed (ooidown periocds cen reduce char depth and surface

ergsion.

Chamber pressure determines the heat transfer coefficient and the concen~
tration of corrosive species in the cozbustion gases. With other conditicns
fixed, the magnitude of the heai iransfer ceefficieni deter=ines how closely
the surface temperature approaches the adizbatic wall tezperature. Tver
wide ranges of heat transfer coefficient, variations in AT between the
surface and adisbatic wall temperatures produce relatively smzll percen~
tage changes in the AT between surface and charring reaction zone and
therefore relatively minor differences in char ra’2. However, becanse of
the Arrhenius type of temperature dependence for surface reacticme, the
differences in surface temperaiure produced by changes ja heat transfer
coefficient can produce significant differences in surfece erosion. Thrust
level combined with chamber presaure and contractior ratio determines the

throat and chamber dimensions and thereby the two-dimensional nsture of

the axisymmetric system.

The obvious variables of chamber geometry are the expansion and contraction
ratios, the contraction snd expansisn 1/2-angles and the arrangement of
hard or scit throat inserts with multilayer ablative walls of different
reinforcements and reinforcement orientaticng. The effects of these vari-
ables are two-dimensional in malure and many of the boundary conditions

are difficult to specify for a real system.
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Tt s pertienlarly 237ficali o specify iDe hexd tremsfer coeiTicieni for
Bich eooireciion rzrios eod Bigh eccmireciiss 1 Z-gncles, z0d ihe reszltast
eresricn ratex zre correspondingly coeeriain.,  The erpezmsien rzifo defer—
aizes the radiziive view faciar Yrivess ihe iExcal regicy 2o free spece

2xd periizsly czfices iE¢ rerimmn iamperainre of or=dliziive tircei imserts.

Toe nost inperia=t v2ii maierizl pereneisrs »rz thermel eondzciiviiy, resin
cozieat, cherical rexcticos beiwezen ckar, mrolpsic gases znd reinforcenest,
203 s fzce crosice resistarce. The therrsl cofzetiwiiy of the ehar comtrels
the diffxcion of hezi fyar the codusiios grses 6 the ehzrrirg rezcstion
zone. High thermal condoctiviiy prodoces 2 high cherring rafe ot arso
prodaces a lower s—xfaca deposreinre a2 therefore 2 lower zurfzee ercsion.
The thermsl cozdneiiviiy of the virgin zblziive defermines the thermal
penetration threpgh the virgin zblaiive. Besin content defermines ite rate
of char Irout a2dverce as do the exergy abzorbing processes ocemring in the
chzr layer beiween the char znd the percolating pyrolysis gases. £lthongh
ihe rezciion beiween refresil (silica) reinfercement acd char kas been :
preposed 2s 2 high hezt zink, Dockeldyne experience on the Apollo prograz=

indicates that this rezciion does not cocur.

The resistance to eroaion of gblative or pasgeive refraciory wmeisriels is
dependent upon a high zeliing point, lov vapor pressure, and coxpestability
wiik boundary laver gas species. The optizal covbinsiien of iev erosion,
low char rate, and low therzal penetration vill usmally regunire a =siii-

layer ccxzbination of abiative and passive zaterials.

Although the beat transfer in an ablaitive symienm is, in fack, twa dimen-
sional, the radial temperature gradisnis through mvzt chermbver wzails ave
vach larger than the axial grajients. Zor cenveniseuce in preliminary
design, axial conductien can be ignored and a "first cut” design cas be
bazed on radial heat iramsfer only. Sizilarly, it iz m0st conwzaient to
evaluate {he effecte of the varioms physical, chemical, znd {ransport

properties of the wall material and cowtustisn gss onm a one-dimensional
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bzsis, 3In the followimg sectiom of this report, ibe therzal respomses of
adlative walls io 2z one-dimensiozal radiei heat flux are presentsd graph-
ic2lly acd azalyred for the following perazeiers:

Waii {herzal condaciivity
Adiabeiic wall terperature
Besin fraction

Beal tramsfer coafficieni

Chazbor radius

CNE-DIMINSIEQIL: 2FATIGNSHIES

Deiinitions

Experizents (Bef. 11} have shown thet charring of phenolic resing occurs at
a rapid Sut finife rate over the approximate temperature range 300 F to
1600 F. Therefore, a narrow zene of pariielly charred resin rather 4han

a distinct char-virgin interface exists in ablative walls both during and
after dmxm <¢ime. However, because 02 the thermodynsmic description of

the char reaction in the computer program it is convenient to define a
char front for purposes of comparing various parametric effects. In the
following sections ¢f the report, char rate is defincd‘ﬁs the rate of
advenec.. of the 1000 P isotherm. Similarly, char depth is the distance
from the heot-gas surface to the 1000 F isotherm.

Transfer of heat from ablative walls to outer portions of the vehicle is

directly related to the temperature profile in the virgin material. This
can be loosely expressed zs thermal penetration threough the wall. In the
following sections, thermal peretration is defined as the location of the
10¢ F isotherm with respect to the surface for a system initially at 70 7.

Surfice erogion is the increase (assumed circumferentially uniform) in

the Jiameler of the chamber at a givan lecation.
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Surface temperature is the teqperatare of the ablative wall expoged o
the combustion gas. This response is directly related to surface erosion
and in some cases is used in place of erosion for evaluating parametric
effects.

Thormal Conductivity

The effect of ablative wall thermal conductivity on char depth is shown

in Fig. 25 through 27 for adisbatic wall temperatures of‘3500, 5000,

and 7000 F respectively. All curves are based upon a chamber radius of

1.90 inch and a wall thickmess of 1.20 inch. The 3500 F curves are based
upon a heat transfer éoefficient of 0.00065 Btu/in2—sec—F and a resin content
of 0.30; the 5000 and 7000 curves are based upon a heat transfer coefficient
of 0.0005 Btu/inz—sec-F and a<resin content of 0.25; All three graphs show
that char rate is a strong function of thermal conductivity. If a medified

Biot modulus is defined as:

‘Bi = Bg AVe (3-1)
kc

where & Yo is the char depth, a sinple expression can be written for the
effect of thermal conductivity on char rate which applies for Biot moduli
greater than about 10. This simple expression which can be employed to

interpolate between curves is

Y

1zr§:;; EI ‘ (3-2)

The curves of Fig. 25 through 27 are for heat transfer coefficients in
the range of 9,0005 to 0.00065 Btu/hr-ftQ—F typical for a combustion
chamber at chamber pressures from 70 to 150 psia. The relationship between
char depth and thermal conductivity for very high and very lov values of
heat tramsfer coefficient is given in Fig., 28 . For high values of

film coefficient, Eq. 3-1 and 3-2 stiil apply for interpolation. However,
char depth is relatively indeperdent of thermal conductivity at very low
values of film coefficient (Fig., 28).
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The effect of thermal conductivity on thermal penetration is shown in

Fig. 29, As weunld be expected, thermal penstration depends upon the
cenéuctivity of both the char end the virgin materials. The results shewn
in Fig. 26 can be extended to other adisbatic wall temperatures and other

char— ané virgin-region thermal conductivities by means of the relation:

(3-3) e

In Eq. 33, Ayp is the thermal penetraticz depth (the 100 F isotherm)
while liyé is the char depth end/kv is the thermal conductivity of the

virgin material. The char depth can be cbtained from Fig. 25 through 27

~
oL )
PR R
. AN

while a reference Ayp is obtained from Fig. 27. — *

o=/ SN TN
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The effect of {hermal conductivity upon the gas-side surface temperature

4

Y

-
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is shown in Fig. 30 for an adiabatic wall temperature of 5(G00 F and a

S

5wt Ak

heat transfer coeffic.ent of 0.0005 Btu/in2—sec-F. The effect ¢f increusing

©or s

ErpaiaACO-9s TS

thermel conductivity is to reduce the rate at which the surface temperature -

"
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ot
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approaches the adiabatic wall temperature or, in other words, to lower the

Qe
5,
e eosisven

Rt v b ook v

sarface temperature¢ ai any timz., Interpolation between the curves of

Fig. 30 and extrapolation to other adiabatic wall temperatures can be ’ i

- made with fair accuracy by the relationship:

l,g:ﬁ 4
b
b4
[(Taw - Tg)/(Taw B 1200)]2 - .52_ (3_&) z
[(Taw - T;)/(Taw - 1200)] 1 N K ﬁz

9, SRPT

oAy M)

where the effective temperature of the heat sink ig taken to be 1200 F.
Eq. 3-4 may be used rhen the modified Biot number defined hy Eq. 3-1 is
greater than 10,
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In general, all three responses, char rate, thermal penetration, and
surface temperatare are related to the square root of the thermal conduc~
tivity. These thermal conductivity effects with ablation are therefore

%

very similar to the r~.lationships for ordinary transient conduction. In
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using the curves of Fig. 25 through 30 . a mean thermal conductivity
for the char layer should be estimated.

For low thermal conductivity matefia); in which the char rate iz relatively
low and the radius vector does not change drastically with‘timé, the chkar

_depth is known to increage approximately as the square root of time. This

is true of the curves of Fig. 25 through 27 for burn times greater than
approximately 100 seconds.

Adigbatic Wall Temperature

Bates of char froni advance at Taw of 3500, 5000, 6000, and 7000 F are
compared in Fig. 31 . The curves apply for a heat tramnsfer coefficient

of 0.0005 Btu/ing-sec—F, a resin content of 0.25 and a thermal conductivity
assumed to vary linearly from 2 x 1072 o 3 x 1077 Btu/in-gec~F beiween
2500 and 7000 F. As shown (Fig. 31 ), the char depth for a burn time of
150 seconds is almost 50 percent greater for an adiabatic wall teuperature
of 7000 F than for a temperature of 3500 F,

Even on = one~dimensional htasis, the effect of adiabatic wall temperature
on char rate is considerably more difficult to generalize than the effect
of thermal conduetivity. The view factor of the surface to low-temperature
regions (free space) determines the degree by which radiation can reduce
the heat flux into tl.e wall and thereby reduce the char rate. Similarly,
surface reactions can absorb significant amounts of heat to reduce char
rate, but the resultant erosion will remove insulating char and thereby
increase chkar rate. The curves of Fig. 31 are for negligible radiatiocn

and surface reactions.

An approximate method for calculating the effect of adiabatic wall $emper-
ature upon char depth is to apply the formula

(ay,), ¥@),

(3-5)
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wvhere the enthalny parameter ¥ is obtained frem Fig. 32. the enthalpy

parameter is defined by

T_ - 1200 .
b=a/—7FH (3-6)

vhere A H is the total heat absorbed by resin pyrolrsis, gas crackiug,

and sensible heat absorption by the pyrolysis gases. Equation 3-5 applies
for modified Biot numbers greater than 10 and for megligible radiation

and surface ernsion.

The effect of adiabatic wall temperature upon thermal penetration is shown
in Fig. 33 . Comparison of Fig. 33 and 31 indicates that the effect of
adiabatic wall temperature on thermal penetration car be equated to the

differences produced in char rate. Under stéady firing conditions, the

Serns o en we

[P e -

difference between the thermal peneiration front and the char front is
effectively independent of adiabatic wall temperature and is a funciion
only of virgin thermal conductivity and time.

The relation between surface temperature and adiabatic wall temperature
is shown in Fig. 34 . The surface temperature is shown to gradually
approach the adiabatic wall tempsrature. The curves of Fig. 34 can be

effectively normalized inte a single carve by plotting the ratio

- T
w8
T_ - 1200

vs time as shown in Fig. 35. The results shown in Fig, 35 provide

{he justification for employing Eq. 3~%4 to account for thermml corductivity
and adiabatic wall temperature changes from values employed in Fig. 30,

E Regin Fraction

The effect of variable phenolic resin content upon the char rate of abia-~
tive walls under conditions of high thermal conductivity and high heat
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trassfer coefficient is shown in Fig. 35 . Tke £wo resin fraciicns.

0.25 and 0.35, represent practicsl limits for this warishle. In Fig. 37 .

=
the char rates for the iwo resin fraciions are coxpered ander conditiosns of gg
low therzal conductivity and low heal iransfer ceoefficient, 2s expesied, =

K

the larger heat cepacity of the high-resin-content ablative materizl re—

+

t

sults in z lowver char rate. The effect of resin content ¢a cher r=fe is

Ry

not arnienable o generalization under high heat iransfer coaditisns Becamze
of the coupled effeci of chsmber radius on overall heai czpaciiy and rzd:al

"

pacRLb i e o
i P

cher conductance, (kfliyé). Under conditions of lower heai fluz, an? pariic~
ularly for cenditions in which the modified Biot nuzber defined by Bg. 3-1

by

is greater than 106, the effeci of resinm contert on char razie can be appror— B

inated by

(av), Fp i

- (37)- -
(5.}, Fpo

The effects of resin content or thermal penetration are saown in Fig. 38
For high condurtivity ablatives, the effect of resin content on therma. .-
penetration is negligible. For low conductivity ablatives, higher resin
content reduces thermal penetration by the same degree to which it reduces
the char rate. Under steady firing conditioug, the difference betwzen
the thermal penetration front and tke char front is independent of resia
fraction and depends only on the virgin thermal condnctivity and the burn

time.,

The suriace temperature histories of ablative walls with rezin contents -
of 0.25 and 0.45 for an adiabatic wall temperature of 5060 F, a heat
transfer coefficient of 0,0005 Btu/ingmsec-F and an average chkar thermal
conductivity of 7 x 10“6 Btu/in~gec-F are compared in Fig. 3¢ . The

resin fraction iz shown to have a negiigible effect on surface temperature.
A similar result is obtained over wide ranges of thermal conductivity,
adiabatic wnll temperatvre, and gas-side heat tranzfer coefficient. How~
ever, cioge to the point of complete depletion of resin, the surface

teamperature deflacts upwards., The lower the initisl resin content, the

eariier is the inflection of the associated temperature history.
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Heat Transfer Coefficient

The effect of heat transfer coefficient upon char rate through high
conductivity and low conductivity abiatives is shown in Fig. i =apd 41,
respectively. Through a high conductivity wall, the effect of an increasing
heat itransfer coefficiert is to significantiy increase the char rate. Inm
fact, for low values of the modified Biot mumber defined by Eg. 3~1, the
increase in char rate is more than proportional to the increase in heat
transfer coefficient. For low conductivity ablatives (Fig. 41), the
effect of heat transfer coefficient bDecomes negligible for heat transfer
‘coefficierts above 0.001 Btu/in2-seé~F, In terms of chamber operating
variables, this means that char rate is essentially independent of chamber

pregsure for chamber pressures above approximately 200 psia.
The effect of heat transfer coefficient on the surface temperature of a
ablatives, and with negligible endothermic surface reactions and surface

temperature for high or moderate heat iramnsfer coefficients. In fact, for
chamber pressures above 200 pesia, the.ablative surface temperature for low
conductivity ablatives* will approximate the adiabstic wall temperature

within 100 F in the combustion chamber. No simple general statewent can

be made with regard to high thermal conductivity ablatives.

The effect of heat transfer coefficient upon thermal penetration through a
low conductivity ablative is shown in Fig. 43. As with the adiabatic wall
temperature and the resin content, the effect of heat transfer coeificient
ie to shift the thermal penetration front by a distance equivaleat to the

skift in char front.
Chambexr Radius

The effect of chamber radius on char rate is shown in Fig, 44. For low
values of ablative-wall therual conductiviiy and heat transfer coefficient,

there is essentially no difference in the char depth between chamber radii

*¥Phanolic -refrasil or phenolic-graphite at orientations greater than 75
degrees.
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low conductivity ablative is shown in Fig, %2 . For low conductivity -

radiation, the surface temperature closely approaches the adiabatic well .
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of 1.90 and 10.0 inches. For high values of ablative wall thermal conduc~-
tivity snd heat fransfer coefficient; the char depth for a chamber radius

of 1.90 inches is less than for a chamber radius of 10.0 inches. The dif-
ference represents the competing effects of the greater heat sink per unit
area ¢f hot-gas surface and the greater average normal area tec conduction
heat transfer per unii hot-gas surface for the srall chamber radius. Because
the correction for chawber radius is small, the approximation resglting

from soiution of the implicit relsiien

2 2
(‘ly ) (RO + Ayc - RO, RO + I/Q(Ayc)2
C 2 - 1 l Y 2 (3"8)
&y )y (R + By )2 -r 2\ & +1/2(&5])
% Tt 0% !

may be employed for low thermal conductivity ablatives. To correct the
parametric curves of this manual for chamber radius, a value of 1.96 inches

‘should be employed for Rb .
1

The effects of chamber radius oa surface temperature sud thermal penetration
are negligible for ablative materials and need not be shown. This is not

necessarily the case for passive refractory surfaces.
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ROZZLE THROAT EROSION

Surface erosion in ablative rocket engine walls is important primarily in
the nozzle throat region becanse the throat area increase preduced by
recession may reduce chamber pressure which ir turn effects thrust, specific
impulse, and propellant flowrates. Some estimation c¢f throat lifetime is
therefore desirable before a preliminary multimaterial, rocket--engine wall

configuration shonld be specified for analysis by 2D-ABLATE.

Experimental results (Ref. 25 ) of firings with the propellant combination
of NTO/50% NH, - 50% UDMH {flame temperuture = 5180 F)} indicate that
refrasil-reinforced ablative materials are poer choices for throat walls
for chamber pressures of 100 psia or higher. In environments which de¢ not
contain water vapor, phenolic/carbon-cloth soft threats might be considered
for low chamber pressures. However, hard graphite throats would be pre-

ferable from strength considerations.

The common materigla for hard throat inserts are sil.con carbide for pro-
pellant comhinations such as NT0/50% NH, - 50% UDMH which contain appre-
ciable amounts of water vapor and graphite for fluorinated oxidizer
systems vhich contain little or no water vapor. In noncorrosive gas
streams, graphite is able to withstand higher temperatures than silicon
carbide which vaperizes because of decomposition at temperatures in the
neighborhood of 4700 F (Ref. 21).

The erosion mechanisms for ATJ graphite provided for in 2D--ABLATE i:z-
clude vaporization and chemical reaction, Vaporization is a function of
adinbatic wall temperature together with heet and mass transfer coeffi-
cients which jointly determine the surface temperature (vapor pressure)
and rates ot whiu) heat diffuses to the surface and carbon vapo-s diffuse
into the main gas stream. Chemical reaction is determiued by adiabatic
wall temperature, heat transfer coefficients and free-stream concentra-
tions of corrosive species. To a lesser extent, the thermal conduction
of the throat backup material and the view factor to the nozzle exit ar.

also important.
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Representative erasion rates for ATJ graphite throat inserts by hydrogen
and by waier vapor are given in Figs.45 and 45, respectively, ae fune-
tivns of adiabatic wall temperature and free-sitream mole fraction of the
reactant gos species. The erosion rates were calculated by a Rocketdyme
one-dimensional computer program, THAB, employing the erosion mechanisms
of 2D-ABLATE and the recommended erosior properties from Tables 5 through
7. The calculations asswume a 2-inch throat diameter, an expansion ratio
of 40, and a phenolic-refrasil overwrap. The data apply directly for a
chamber pressure of 500 pszia. Estimations for other chamber pressures

ray be obtained from the graphs by employing an effective mole fraction,

ngg: defined by
P
c
e = Goo) %

where X is the free-stream mole fraction at the chamber pressure of

. c
interest.

Representative erosion rvates for silicon carbide throat inserts are given
in Fig. 47. The method of calculation and assumcd operating conditions
are those described in the previous paragraph for ATJ graphite. Because
the erosion of silicon is assumed to be strictly by vaporization, the
data in Fig. 47 are independent of chamber pressure except for the

effect of chamber pressure on heat transfer coefficient and adiabatic

wall temperature.

104

Foutor ra

o
HN

e
%

o, 13
l,’l?‘ .%\
Sl

>

o N Lw
LAt NP R L T S L R R 27 UL ¥

5

i
Pa, 5
[EEFURP e S

KR & -

—
%
aed SR A

T,

s

e
[P RS SNEFIFRREIN

PY Aematin

[

e

s

R L 7 S NPT TP

y
AT anResren ©

T

PRI SREN

e >




THRUAT RECESSION, INCH/SECOND

¥y
i_ 3 Junsion vier P »
DS S . ° X, . M
St i ?”"‘E BruliN.2-SEC.F R0 &
‘ S T 3,603 9,001
1 e B 0,015 0.001 14
‘ c .601 5.610
: ; 53 a.010 ¢.010H
! £ 4.601 G.10
‘ ] ;ﬁ‘ S -
PN i s T\ i
3568 QOO BSGS SLO0 5500 6000 5505 7000
AUYARATIL WALL TEMPERATURE, R
Figure A% fe-esgion ¥ 485 Graphite Throat Inserts in a

Y¥atey Vapur Environment at 500-psia Chamber

Prassar

e




h
s

~

KEY

m{?_g_xi/!ﬁ‘z*SEﬁ'F

b B0 B - B T v v IS 5

€.001
0.6i6
$.001
0.016
.00}
G.0i0

INCH/SECOND

-
<
4
£

THROAT RECESSION,

2
ity

©

Oge d}

AT
<
+
i
ALY

ki
i

"1

AR
Q%
L0k,
AEAE

.

L

s

4000

ADIABATIC WALL TEMPERATURE, R

Hydrogen

Figure 46. Recession of ATJ Graphite Throet Inserts ir a
Enviromment at 500 psix

LA

e

JRSTEIN




, . f
" .
LUAE Ak Al p . T ETTILTAN eyt ) Mabae 3 tuny v, SRS (IR E RN I L ! ,: . » . \ . N S s " W
!
H
. !
i
' ]
o
PR
"
! :
i
¢ ?
R 3
o] Be u
mu Q L
. - @ !
=] n
i
= o
L= >
m g A g
, N V)
g < e« .m
R __ (=] - T 1
lo _ g¥ o
3 £ 3 .nw .m
k = 2
S m M ;
Q O (&)
[ N = .
wn w a2 ,
i | o M ¥
- - .
o -
; 8 4 S >
I : tA = n -t
1 (%) oM §
[ ® o E ,
. S « nou
uy M el
t N a < o
W ¢ 0 s
< >
: L 3 @
v 4 2
| T L1 =
o . ‘ — — _ 7
\ o Y
. t W ®
" V ~ o oS wn O N M
T ) ' 1 1 [
- — — — — "
=
g ¢
. QNOSAS/HINI "NOISSIJIIAY LVOUHL
. . |
R
/ﬂ:. . .
|
]
i
t
|
I
. |
. " |

i
>

’ M - .
Sy - SIS o T
ypnpregoslRnid 0 505 L g

v Lt
A
bale:S

SRS g 2 e PR




1y

W tat b TS

MR
Pars U)

[N
i
)
FPEEY

TWO-DIMENSIONAL ABIATION

4)

'y

s

Analysis based upon one-dimensional heat transfer permits estimstions of

Rre

the required thicknesses of ablative walls, durability of throat ‘nserts,
and insuletive overwrap for an ablative engine at given operating condi-~
tions. From these estimgtions and from the chamber dimensicns specified
by chamber pressare, thrust, and expansior ratio, a preliminary ablative
wall configuration can be drafted. The (isar rate and temperature distri-

bution in the actual chamber walls will differ from one-dimensional esii-

P TR VR

mations for the following reasons:

‘s

PO

1. The boundary conditions along the combustion chamber and ngzzle

PRy

v

walls vary from the injector to the nozzle exit. These boundary

A
P

P

conditions include adiasbatic wall temperature, heat transfer co-

efficient, and radiation view fsctors.

dans av o

2. The boundaries in the throat region are not normal to the radial ;j

heat flux vector of a one-dimensional analysis. ¥

3. The differences in thermal conductivity between typical throat :
4

inserts and ablative materials amplify differences in radial tem- - 1
perature profile produced by axial variation in boundery condi- L’

tions, <

4. The anisotropic thermal conductivity of reinforced ablatives will
amplify axial conduction produced by differences in radial tem-

perature profile.

To determine the importance of the two-dimensional effects in ablative
chawber walls under steady firing conditiens, seven computer runs were 2
conducted with 2D-ABLATE for representative thrust chamber configurations :
and operating cunditions. The conditions investigated are listed in
Teble 11. '

Two propellant combinations, c‘uv:s,szHj4 and N2OQ/N2H4-UDMH(5H-50) are con-
gidered. Carbon cloth/phenolic abletive walls in the combustion chamber

anc nozzle tcgether with an ATJ graphite throat insert are used with the 23

18
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CIFS/Xzﬂi propellant combination because of tke cempatibility of carbon.
with SF and also becanse of the high melting point of the reinforcement.
With the RQOQ/NQB§~UDK§ (50-50) propellant combination, phenolic-refrasil
is used for the combusiion chamber snd nozzle wslls; either phenolic-re-
frasil or 8 silicon carbids insert is used at the throat. The operating
conditions (Tsble 11) include both high and low chamber pressure {i.e.,
high and low heat transfer coefficient) and high and low mixture ratios

{i.e., high and low adiabatic wall temperature).

Thrugt Chanber Geometry

The ablative motor configurations considered in the two-dimensional com-—

puter runs ere shown in Fig. 48 through 51. In all configuratioms,

internal wall materials in the combustion chamber and throat regions are
surrounded by an overwrap of phenolic-refrasil whose reinforcement is
oriented for low radial thermal conductivity. For convenience in computer
programming, the boundaries and wall material interfaces cousist of
straight-line segments. Although these geometries are idealized and im-
practical from mechanical strength qu molding considerations, the general
results of the thermal analysis of the simpler geometries are applicable

to more complex boundaries.

The mixture ratios given in Table 11 are assumed to be the mixture ratios
close to the chamber wall, so that the fleme temperature for the subject
propellant .ombination at the given mixture ratio is close to the adiabatic
wall temperature once combustion is complete. The heat transfer coeffi~
cient in the throat region and in the nozzle is defired from graphical

correlations given in Appendix D. Radiation to the nozzle exit is based

upon a graphical correlation of view factors given in Appendix D.

On the basis of the analyais of the 0F2/MMH ablative chember in Task II, '

the following assumptions were made for the two~dimensional computations:

1. The full lenythk of the combustion chamber is required for combus-

tion; i.e., the local adiabatic wall temperature rises linearly

110
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L

from a value of 2460 R (2000 P) at the injector face to the final
adiabatic wall temperature d: fined by the mixture rativ in the

convergent section of ithe nrzzle.

The heat transfer coefficient varies locally in the combustion
chamber, so that when combined with the AT between the true

local adiabatic wall temperature and a wall at 500 F (regenerative-
cooling wall temperature), the same heat flux is predicted as is
cbtained by a calculation using the simplified Bartz equaticn

(Ref. 23) for heat tramsfer coefficient and a AT based upon

the thermodynamic gas temperature.

The adiabatic wall temperaturcs after complete combustion and the heat
transfer ccefficients at the nozzle throat are listed for the seven

computer runs in Table 12.

TABLE 12

ADIABATIC WALL TEMPERATURES AND THROAT HEAT TRANSFER
COEFFICIENTS FOR TWO-DIMENSIONAL COMPUTER RUNS

TADW Throat Heat
Computer (Mixture Ratio), Transfer Coefficient,
Run R Btu/in.2-sec-R
1 6780 0.0018
¢ 6780 0.00029
3 5000 0.00031
4600 10.0056
5 L500 0.00038
6 5400 0.00036
7 6000 0.0051
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The final char front, gas-side surface temperature profile, and outside

(AL Skt vty
Rt
v

skin iemperature prefile after a 300-second burn time are graphically
illustrated in Pig. 52 for the chamliers lined with the high-conductivity,

phenolic carbou/cleth ablative. In all cases, the char front has penetrated 3

(R Yah
i

completely through the carbon cloth ablative into the phenolic-refrasil
overwrap. Around the chamber and threat regions, where the overwrap of

the low-conductivity 75-degree-oriented nhenolic-—refrasil is 1.0 inch thick,
the outside skin temperature is near or below 100 F. In the nozzle, vhere
the overwrap tapers to zero thickness, the skin temperature climbs to tem-
peratures over 1000 F. The higher skin temperatures in the nozzle also re-

flect the change in orientation between the overwrap reinforcement and the

N

nearest hot-gas surface due to the expansion half-angle of the nozzle.

[

In all cases shuwn in Fig. 52, the inner surface temperatures rise in the
combustion chamber because of the increase in adiabatic wall temperature.

In the nozzle region, where the adiabestic wall temperature is constant, the

4

inner surface temperatures fall because of the decrease in heat transfer

LA AR o £\ R R s QUL R RS AU A BRSO b 030 SR MR

1

A
,‘ 4,. . b

coefficient. The difference in the inner surface temperatures shown in
Fig. 52 between computer Runs 1 and 2, which have eguivalent adiabatvic

wall temperature digtributions, shows the effect of chamber pressure (heat

2
transfer coefficient) upon surface temperature. “%
Char front and inside and vutside surface temperatures for phenolic-refrasil : g
lined chambers after a 300-second burn time with Néok/N2H&~UDMH (50—50) at f %
a chamber pressure of 1G00 psia and mixture ratios of 1.0 and 2.0 are graph- i %

ically illustrated in Fig. 53. Becsuse of the lower thermal conductivity
of phenolic-refrasil, the char depth is mot as high as with the phenolic
carbon-cloth systems. Near the injecter end, the char front does not pene-

trate through the inner chamber liner. The lower thermal conductivity

also reduces the outer skin temperaiure. :

For high heat tranafer coefficients, the char depth cen be calculated by

(2 e

one-dimensional relations, In Fig. 54 and 55, the char penet.ation
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caleulated by 2D-ABIATE in computer Run 1 for phenolic/carbon cloth at ;
a chember pressure of 560 psin is compared to the chiar pepetretion cal-
culated by the one-di{mensions: graphical relations «f Fig. 25 through

44 . 1In the one-dimensional calculstion, local values of adiabatic wall
temperature aad heat transfer caefficient were used together with a radial ;

thermal coaductivity calculated from:

2 . 22
K = cos” 8 + ¥, sin” €
vy = K §

1

and the recommended values «f major and minor axie thermal conductivity
from Task 2, Char rate in the overwrap layer was calculated by combining
the thermal resistance of the totally charred inner layer with the pgas-

side resistance to yield an oversil heat transfer coefficient defined by:

e g o e

Ax

— (3-9)

[ ’

1
i +

m=1“‘

derived in Appendix B. As shown in Fig. 54 and 55, the agreement between
the one~dimensional and two-dimensional calculations of char depth is

rather good fer the operating conditions investigated.’

St BB e

Comparison of the results of one- and two-dimensionai calculations sf com~
hustion chamber &nd nozzle char rates for chamber walls of phenolic~refrasil
at a chamber pressure of 100C psia is given in Fig. 56 through 59 . The
agreement is not as good as with the phenclic/carbon cloth but is certainly
setisfactory for preliminary design purposes, considering the uncertainties §
in the specificsiion ¢f adiabatic wall temperature and heal transfer coef-

ficient in real rockel engines.

S SR

Operation at low chamber pressures (low heat transfcr coefficients) intro-

duces differences between one~ and two-dimensional calculations of char
rate (Fig. 60 and 61). In this case, the char rates predicted by 2D- ’
ABIATE are significantly higher through phenolic/barbon cloth inner cham-~

@ DT s M s

ber liners than those predicted by one-dimensional calculations at a cham- .
ber pressure of 50 psia. The difference shown in Fig. 60 and 61 results
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from the combined effects of the axial gradient in adisbatic wall tempera-
ture throegh the combustion chamber and the high internal conductivity in

the phenolic carbon cloth wall relative to the surface heat itrensfer ceoef-
ficient et low chamber pressures. The net effect is conduction of extra

heat* from the throat region (where the adiabatic wall temperature and heai
transfer ccefficient are higher) to the combustion <.amber salls and, thereby,
production of additional charring, above that produced Ly redial heat trans-
fer. The anisotropic conductivity of reinforced .blat:ves, particularly
favor this type of condusiion when the fibers are orientel »* appreciable

angles from the radial chamber coordinate.

At low chamber pressures, the char rate through soft throat sections is
calculated to be higher by 2D-ABIATE than is predicted from on:~dimensional
caleulations (Fig. 62 and 63). In this case, the higher char rates are
apparently due to the iarger surface area for convective heat transfer in
the throat region relative to the area defined for one-dimensiopal radial
heat transfer, i.e., the throat acts like a fin. At high chamber pressures,
where the surface resistance to heat transfer is negligible :ompared to the
internal resistance in the walls, the fin effect of the throat is insig-

nificant.

Gas-side surface temperatures at relatively high and relatively low chamber
pressures are presented in Fig. 64 and (5. At high chawber pressuves,
the normalized difference between adiabatic wall temperature and s»-face
Tapy = TS/TADW ~ 1200,drops below 0.10 in less than 100 seconds

of burn time except in the expansion region of the nozzle. This means that

temperature,

surface temperatures will typically approach the adiabatic wa.l temperature
to within 500 F unless lowered by surface reactions. Because surface re-
actions will involve some degree of erosion, a conservative preliminary
estimation of the onset of throat erosion should be made on the hasis of
erosion relations yresented in Fig. 45 through 47 at various free-stream

concentrations of corrosive species in the combustion gas streams.

*¥In any conduction process, hi-Y resistance at the boundaries relative
to the internal resistance 2ars" the internal temperature profiles.
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According *o Fig. 65, the gas-side surface temperatures will be appreciably
belov the adiabatic vall temperature in all portions of the chamber at low
cbanber pressures (<50 psia). A preiiminary estimation of throat ero-
sion based upon the adiabatic wall temperature will thevefore be con-

servative at these operating conditioms.

Intermittent Duty Cycles

To examine the effects of a multiple start duty cycle, Computer Run 8
was made wila the thrust chamber configurat on and propellant combipa-
tion of Computer Run 1 (Table 11 and Fig. 48) bu® with a burn schedule

as shovn below:

Time., seconds Duty
0 to 200 Fire at 500-psia chamber prgssure
: 200 to 2200 Soakback
2200 to 2256 Fire at 100-psia chamber pressure
- 2250 to 2550 Soakback
2550 to 2580 Fire at 500-psia chamber pressure

The computer run was terminated during the final burn period when the

time limit on the 1BM-360 computer was exceeded.

At the end of the first bura period, the char front (1000 F isovherm) had
penetratzd approximately 0.20 inch inco the phenclic refrasil overwrap
around the combustion chamber and approximetely 0.30 inch into the over-
wrap in the throat region. In the nozzle region charring was coiplete

at area ratios greater thanm 3.0.
At the end of the 2000-second first soakback period, the char front ex-
tended approximately 0.50 inch into the refrasil overwrap aroumu the

- combusiion chamber with essentially the same penetration in the throat

region. In the nozzle, the wall was completely charred through for area
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ratios between 2.8 and 8.

for practically the emtire
was required to reheat the
regions with no additional

end of the second soakback

In the combustion chamher, charring continued
soakbnck perisd. The entire second burn period
char layer in the combustion chamber and throat
cherring occurring during this period. At the

period {300 second), the char front had pene-

w,‘ww o
oA

T TG

T

trated. approximately 0.58 inch into the refresil overwrap in the combustion
chamber and 0.65 inch in the throat region. Charring was still in progress
at the end of the soakback period.

During the first soukback period, the additional char peretration in the
combustion chamber was approximately 45 percent of the totel pemetration
through both the inner carbon cloth and outer refrasil ablative materials
which took place during the first burn perioed; but it was 2-1/2 times the
peneiration through the refrasil overwrap alome. During the first 500 .
seconds of soakback, the char ra-e in the refrasil was almost equal to

that at the end of the burn period, 1In the throat region, the additicmnal
char penetration through the refrasil during the first secak period was
approximately 70 percent of the penetration through the refrasil during
the first burn period. The reason for the high additional char penetration
during soekback for the conditions of Computer Run 1 is the high thermal
conductivity of both the inner carbon cloth chamber liner and the ATJ-
graphite throat insert. As a consequence of their high conductivities,
these portions of the chamber wall attain a relatively uniform temperature
close to the adiabatic wall temperature and can store a significant amount
of heat. Because of the low conductivity of phenolic refrasil, it requires
long soakback periods for this heat to be dissipated. The high thermal
conductivity of the inner wall materials together with the low conductivity
of the phenolic refrasil also produce the long heat-up period before

charring resumes upon ablative-motor restart.
At the end of the first bwurn period, the outer skin temperature of the

phenolic refrasil had risen only from 70 to 80 F in the chamber and

throat regions, but had risen to 2760 F a% an area ratio of 5. At the
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end of the first scakback period, the skin temperature in the throat region

nad risen to 520 F, but the nozzle skin temperature had dropped to 1675 P.
During the subsequent burn and soakback periods, the chamber and throat
region skin temperatures were almost comstant, but the nozzle tempera-
tures fluctuated with heating load.

The results of the multiple restart computer experiment described above
are specific to the engine configuration and mission cycle specified.
However, they reveal the geueral qualitative trends to be encountered

with this type of operation.

The duty cycle of the Apollo Command Modale rocket engine which provided
the data for evaluating the thermal conductivity of phenolic-refrasii
under Task 2 of this study furnishes an example of a combined pulse mode
and multiple restart operation. The portion of the duty cycle of the
Apollo engine examined and the calculated char penetration through the
combustion chamber walls during the periods of pulse, full bura, and
soakback operation are summarized in Table 13, Charring vccurs during
both burn and soekback periods with the actual burn time for thec entire
duty cycle being 7%.7 seconds. The adiabatic wall temperature and heat
transfer coefficient in the Apollo engine are 4000 F and 0.00048 Btu/in.z-
sec-F in the combustion chamber just ahead of the nozzle throat, while
the radial char thermal conductivity for the phenolic-refrasil walls
(45-degree reinforcement orientation) is approximately 1.2 x 1077
Btu/in-sec-F. From one-dimensional calculation for the actual burn

time (Pigs. 25 and 31 ), the char depth is approximately 0.23 inch,
while rigorous calculation by means of 2D-ABLATE results in a char
depth of 0.57 inches.

The general conclusion to be drawn from the intermittent duty cycle modes
of operation examined is that the char rates are significantiy different
from the rates under steady firing counditions and require calculation by

numerical methods which censider the specific geometrical arrangement

and type ¢f burn cycle of the system.
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Table

Chember Wall of Apollo Nozzle

13. Char Penetration Through Combustion

Start of Interval,| End of Intervel, | Fraction Burn Char Depth at
Seconds Seconds Iuring Interval | Bnd of Interval
0 189 0.08 0.19
180 3590 ¢.0007 0.19
350 36%.4 1.08 6.22
363.4 768 0.0725 0.&1
768 1052 6.0 0.4%
1052 1132 0.089 0.4k
1132 152k 0.0 0.4k
1324 1440 0.008 0,k
1440 1516 0.123 0.48
1516 £570 0.0c 0.53
1570 1760 0.0148 -0.57
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SUMMAHY OF DESIN PROCEDURES

To efiectively employ £D-ABLATE and the perametriec relationms in this

report, the following geperal ealenlpiional procedures are recosmended:

1. Convert engine specifications into heat transfer boundary
conditions. The engipe specifications are propellant combi-
nation, mixture raiio, chamber pressure, thrast, expausion
ratio, duty cycle, and proposed iniector. From these speci-~

fications, the approximate chazder well contours are defined

vh

before 2 huat iransier desigs hegins. The necessarf heat
transfer boundary conditivms are adiabatic wall temperature
profile, heat tramsfer coefficient profile, and the intermal

rediation view factors. -

The adiabatic wall tedperature is determined from the flame - -
temperature of the propellant cozbination at tke operating

mixture ratio. Plame temperature is obtuired from aasy avail-
abie propellant performance pregran such as {he Rocketdyne .
¥-element program (Ref. 2%).

local heat transfer coefficienits along ihe chamber axis san be ié
obtained from the grapkical relations of Appendiz [ based upon
the simplified Bartz equation (Ref. 23) szing combusiion gss
properties irom propellant performance data. Radiastion view

.factors for the throat and nozzle regions are obtsizakle from =
graphical correlations suck as those given in Appendix D, -

2. Choose ablative wall maverials on the bhasis of adiabatic wall
temperatura and compatability with combustica gases, carbon- %
cleth phenolics for high-temperatvre gases with minimal weter

content, phenolic-refrasil for low flame tempereture, and
water~containing combustion gases. Reinforcement orientatien
should be 30 degrees or more from chamber axis to prevent

delamination.
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3. Proo the average tnermal cendactivity of the sblati~e wall chosen,

..
v AT AR v A TR s

the adiabstic wall tesperature, and gas-side heat traamsfer coei- -

ficientv, estimete the expected char deptk from the carves of
Pig. 25 through 4% . Interpolate between curves by meens of
Bg.3-1, 3-2, 3-5, 3-6, 3-7, andi 3-8. Extrapolate to longer

burn tizes by asseming that char depth wvariez 28 the sguare

[

ats

root of tizme for lopg burn time. Meke an initiel allowsnce of

Jead oo an

50 pzrceat zore chsr depth for intermittent duty cycle.

PRI TN

4. 17 char depth is considered excessive, try overwvrap of phenslie

.

refraril with orientation mearly parallel to chazrcher axis for

avol

e

low cher rate. Calculate char rate in the oserwrap layer from
BEg. 3-8, starting the calculation at the time charring of

inner wall layer is co=zplete.

e KNAYR b

A

5. Por chacber pressures above 30 psia and lomng duty cycles,

Y AR

consider bard thropts: grephite for fluorinatec oxidizers,

.
iy

silicon carbide for combustion gases with azpreciable oxygen
or vater vapor. Rstizate throal erosicn from Fig. 45 through
57 . If eroszizn is excessive by order of magnitade, chamber
pressure apd/or mixiure retio will have to be changed. If

A

1 .
CRIPI IR SPPRRENRTCORR P S DRIV ", (1" 37 i SO TP OMRA VERP PR 1 IR TISVR PR

erosion is merginsl, two-dimensional culculation may change e -

prediction.

6. Bstimate thermal pessiration depth from Bq.35-> and Pig. 29.
I? limjtations on the oater skin tempersture exist, make ipitial
estination of additicnal overwrap required over and above char

depth so thati thermsl penciration does not reach oater skin. %

7. Lay out exact coatsurs of wall segments based upon streszs and

fabdrication consideratiosms.

8. Test configuration with 2D-ABLATE. If erosion is excessive,
chanber presgure and/or mixture ratio must be chenged. RBither -
helk mixture ratio or mixture ratio near the wall (by injector 1

modifieation) may be changed. Adjust thicknesses of imrer and

outer ablative layerz from char and thermal penetration results. ‘

§ Cousider outer ipsulation when necessary.
§
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s presented in Pig. 66,
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A flow diagram for the design prucedure

ShAER ai Caa PA Seb e h

PRI

T TR Y gl R RS

2o

135

v T N ¥

7y

sfx»w.éﬁ @?; e ..;3& &.w. 9
EAE SR

o

e ¢ e i i g s e -

. Q«?«.

Nﬁ. odo.ﬂ

PN
[




) _: ) ::—/ o ) \ - A
ENGIME SPECIFICATIONS
P, F, I8, B,
¢ inj
DUTY CYCLE Propellant Coxbination
I 1 i }
COMPATIBILITY CHAMEER ADIABATIC HEAT TRANSFZR
97 WALL WALL COEFPICIEN?
COGISTI0N GASES CONPOIR TEHPERATURE VIEW PACTGR
. B T 4
CHOICE OF YALL
MATERIAL
¥ ¢ GRAPHS POR
THERMAL CONDUCTIVITY ONE-DIMENSIONAL
o s CHAR RATE
L | Pig. 25 to 44
> >- ~% -; ~—- v
CALCULATE REQUIRZ) ABLATIVE
TRICKNESS ,f' .
"b"i [y Rl 1 1
mlgf HARD SOPT SINGLE MUILTIFLE
s | | TmRoAT| | TEROAT LAYER LAYESS

+——v : B TENTATIVE DESIGN :
A '| AMALYZE WITH 2-D ABLATE

:

HODLFY THERMAL DESIGN |
|
3
MODIFIED DESIGN
(-]
| AMALYZE WITH 2-D ABLATE|

l SUCCESSIVE ITERATIONS

FINAL DESIGN

pid

2id

"y

Akttt

Figure 66, Design Procedure for Ablative Rocket Engines
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RECCMMENDATIONS FOR FUTURE EFFORTS

The main area of uncertainty in the design of sblatively protected liquid

engines is in the prediction of surface recession rates. Theoretical models

have besn drawn up for surface degradation based upon three primary mechanisms:
1, Melting of the surface leading to mechanical removal of chay
through shear aund/or pressure gradient

2, Chenical reaction witbh the combustion gas

3. Sublimation

The present 2-D program includes provisions for all these mechanisms. The
theoretical models on which the calculations are based have been shown to be

in reagonably good agreement with simple experiments. However, because all

/;
wodels contain Arrhenius-type expontial terms (€ BE kT), they are very

sensitive to c¥* efficiency and to mixture ratio which determine gas
temperature. Moreover, because the locel mixture ratio affects the
surface reaction (rather than the overall mixture ratio), the reported
bulk mixture ratios given in the usugl engine test reports are mot
necessarily an accurate measure of the ablative surface enviromment,
Consequently, most of the data from small engine firings are relatively

useless for checking the validity of computer program calculations.

A particularly disturbing observation concerning average surface recession
rates as usually reported (total change in cross-sectional area divided by
firing time) is the fact that "after" photographs often show scalloping

attributed to oxidizer streaking, whereas the computer program assumes

uniform vecession. It is obvious that available surface recession date

can only be applied by a persor thoroughly familiar with the injector,
chamber, and instrumentation employed in the test.

Several combinations of analytical and experimental investigaticns could
advance the state-~of-the~art knowledge of surface recession. Such ipves-
tigations are recoumended to include the following:
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1., Critical re~examination of available ablative motor test data; e.g.,
establish contact with the c¢riginal investigators, define the
additional complications in the reported test data caused by
injector effects and process these runs through the 2-D program
to determine whether the overall growth of the cross-gectional
arégrzan be adjusted to a uniform recession model by a simple
accomodation coefficient. The restrictions upon the use of such
8 coefficient would be ertablished possibly in terms of an in~

jector spray pattern rating.

2. Other analytical attempts to describe nonuniform erosion with

the help of the 2-D program.

3. Generation of additional data in cxitical regions using hard-
ware specifically desigred to produce a uniform mixture ratio
and a well-developed flow profile throughout the ablative portion
of the nvzzle, Such firings would check the validity of the

uniform recession under the idealized conditions assumed.

4, Variation of the wall mixture ratio in the test apparatus of 3
above through selective hole enlargement in the injector. The
resultant effects e¢n throat erosion would be measured in a few
firings. The resuits would be compared to the predictions of
previous hot-gas mixing experiments obtained at Rocketdyne and
elgevhere to determine the possible variation in mixture ratiec

effects in an ablative chamber design.

5. Extension of the 2D-ABIATE to cover heat transfer and erosion
mechanigmg heretofore not included; e.g., effect of 201id particles
in the gas stream, radiation from gas to wall, variation of the

gas-side heat transfer coefficient with time, boundary layer cooling.

6. Extension of the 2D-ABIATE to include calculation of view factor;
thermal stress analysis; convective heating, cherring and erosion
at any boundary with a wore flexible mesh procedure to handle

alternative configurations.

It should be roted that all recommended tasks are indspendent of wach other;
i.e., any task or portion of a task may be executed with litile effect un
the information to be cbtained in the other tasks.
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NOMENCLATURE

areas of thkrust chasber inside subsurfaces, i=1l, ..., ¥

input constani characteristics of the blocking phenomenon
specific heat of wall maderial

free stream specific heat 2% constant pressure

fraction of mass couverted to gas or fraction remaining

as s0lid due to gas generztion remetion r inm charring
material .

view factors from inside subsurface i to subsurface k
ragdial position of receding hot gas boundary

axial and radial components of generated gas mass flux
in charring material

components of generated gae mass flux in minor and mejor
directions of conductivity for anisotropic charring material

mass flux of gaseous speciea j at exposed inside surface
enthalipy of gaseous species j at exposed inside surface
enthalpy of gases generated in charring material

heat of decomposition mode r at eroding wall surface

heat transfer coefficient

= basic convective heat tramsfer coefficient prior to

modification to accourt for blocking

= thermal conductivity of wall material

= conductivity in the normal direction at the surface of

an eanis..ropic material (see Eq. 23)

= conductivities in the axial, radial, and “mixed" directions

for an anisotropic material (see Eq. 22)

= conductivities in the mimor and major direction for an

enisotropic wall material

4
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a(x,T)
Re(x,y,7)
T(x,7,7)
T =)

T ax(X¥:7)

T
Py
v

1, §

it

!

outward normal and counterclockwise tangential directions

knowr copstant for gaseous species j at expesed inside
surfuce (see Eq. 9)

refersace heat of reaction for gas-geperation reaction r
in charring material

heat flux

ratio, E_G x/xyey
+temperature of wall material
adiabatic wall temperature

meximum value of T achieved by time T at point (x,¥) in
wall material

mirimum pyrolysis temperature of charring material
normal velocity of gas or liguid at exposed inside suriace

axial and radial coordipates

mole fractien
axial and radial distance incrementis

radiaticn view factor from wall surface to outzide
environment

spatial difference operator
emissivity of material surface
spatial density

major and minox directions of conductivity for an aniso-
$ropic material

Stefan-Boltzmann constant
time
time increment used for time step calculatious

angular displacement of & and 7) directions from x and y
directions, respectively, for an anisoiropic material

overall heat traunsfer coefficient

Prandtl number
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Schaericis
3, 3, C, P = poirte zijzcent 4o imderior point O in finite differ— F -

zoee xzelog of energy eguatica -

cony = dze ie coavection e
afy = effeciive
= g = due fo exvirommental beatipy
0 = interior point (xi, yj)
r = index reezing over erosion modes at the exposed inside 2
s > - - - . -
surface or over gas generafion reactiens in a charrieg Y
raterial g
;oA
]
rad = dae to radiation E
rerad = Jue to r=gdiative exehange at the exposed inside snzfzce

v = Yirgaa
A ‘= e
Oniss

When not othezwise specified, t. + following wmits apply:

b = Bto/in. 2-gecF
b4 = Liu/in.-zec-F
pc, = Bou/in. 0¥
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H
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a2 z, is the 2xial pozition of &ke place €. Frow By 31 2nd £2, 52
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s 3 £ 2
i. == Fa;"ai w2 veulsd ose

h-vd == I
Fo o =20 Ta o /2y -
371 3 173 3

Por ¢he checkost case Seseribed esrlier in thiz repori, ths izmelinmsiion

of the irside surface frox= the horizontal did noi 2xzceed 2U degrees so
that the agsu=ption of =o cccultation or sghading {required for the =zse

of Bq. A-1) is reascaable. ing Fg. A-1, we car caleglate tke desired
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ke derivetion of Eg. 43 and A% requires
siew factors from

1x21,...,% j=1,... 5+1, given by the follsying:

[T]

Fsa = Vg Fo & "t F o .
3 is17 i i’ 3 i
ing swxisees within the firat disk:

B+ ii’ai + E},aé =1,

£ + T =
e EL I P!

? + B =
e ¥ e

Fron 9. A-7 and A-8 and

we cbtaip the following relationships:

Pla t e - F o) /A
oy iy O ) /-y T ) 4

Sabstitutionof P,
*2
Eq. A-3

and Pl,C{2
1

for the case of i = 1.

in Eq. A-6 and rearranging will y
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Similarly, to get F, , we start by writing one identity besed upon anslysis

of the second disk:

22

P . +P =1 (a-12) s 3
&}’“2 %,2 =
as well as two others obtained by treating the first two disks az a single ‘% L
disk (by resoving side A%) -
BRI TR TR (a-13)

1. (a-1%)

e T et g T
By cosbining Eq. A-H5 erd A-11 with A-13, and Bq. A-12 with A-14, we obtein
the foliowing expressions:

Fiot 1?1’&3 = (.s.az - Aai Pﬁ’%) / 2, {2-15) .

(a-16) ]

7 +F, - =P .
m.),::l o, &;,32

3
Fro= Bg. &-1€ and A-9 wve get f f
. - (A P -A %, )/ (a-17) [
Loy ™ Yoy Ty T ey e R
ok
and finally, from Bg. A-15 ard A-17, we obiain
F, ,= [A d-~-r ) - (F -~ P i/ 4. (£-18)
e " gy (- P o) ~ Ry oy = P ) 1/
Eq. A-18 is a special case of Bq. A% fosr i = 1 and k = 1. P :
A
In a gimilar fashion, we can derive the following:
Py +F & =(A F, . -4 P : 519 o7
1,37 H.% (Acz &%), Aezl ozl,a.j) /4 (£-19) -
e
F +P, =B, ., (A-20) 1
U T T T 2
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APPERDIX B

DEVELORMENT OF THE ANISOTROPIC ENERGY EQUATION

To derive *f:he for of the amisotropic enmergy equation as given by Eq. 2i
ard the expression given by Zq. 23 for the mormally directed comductivity
at a boupdary of an anisotropic material, a trapsformation through a rsta
tior. 8 is required from gredients in the x and y directions to gradieﬁts
in the £ arnd 7 directions and vice versa. Geometrical cnnsiderations

yield the following expressions:

%f = cos 8 %2- + 8inB -§-—, (3-1)
) %:—éine-g-x—-& cosﬁ% ) (B-2)
: % - cos6 3z - #in8 5, (5-3)
-g-y- = pind % + cosB %-ﬁ . (B-%)

If we furtber stipulate that the two coordinate systems possess a comaon
origin, then, from Egq. B-1 through B-%&, we can alsc write

]
"

£ coz8 - 7} sinb, (3-5)
£ 8inf + 7 cosh. (B-6)

«
]

To derive Eg. 21, we start with the erergy eguation expressed in the co~
ordinates £ and 7) and then traneform it to x and y coordinates using

Eq. B-1 through B-6. This would be straightforward were it not for the
need tc include the radial effect in the & zmd 7) system, vhich makes it

more difficult to get started. If x and y were cariesian coordinates

. rather than cylindrical, the energy equation would iake the following
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form in the £ and T system (where for convenience of notation we omit the
subscript "eff" on C):

o7 3 3T, 8 37, af 5% oT
5o Besp) v o7 B3y ~ar Cesg* O3y) (D)
A strictly geometric argument entailing Eg. B-6 above would show that the
radial effect can be introduced into Eq. B-7 by edding the %aiiwing term
to the right hand side:

X ,
3 sm8 T oos0 (sind -é-g + cosb Br) (B-8)

vhere the expreasion for Ky’ the radial component of conductivity, is to
be determined as a funciion of Xg, Kﬁ, and 9 during the transformation of
the rest of the equation to x and y cosrdinates. Thus, we transform

Eq. B-7, avgmented by the radial term B-8, t¢ x-y coordinates by aub~
stituting from Bq. B-1 through B-£, as follows:

oc %‘% = (cosB -g; + 8inb -g—;} [Kg (cosB % + 8inf %)} +
{~2inB % + cos8 gy [ {(~5in® '5; + co88 —)_l -B}' -

g%- [G'S (coab gxl-‘ + sind %} + G, (~sinB -g%- + cos@ %T;)]

- aE [(Kg cos”8 + K 2in°p) %5 :i. * %-Y- [(KE sin8 + En cos°8) %] *

K Y
}l% - %—l% [(G€ cogf ~ G,‘7 8in6) % + (Gé' 5inb s+ Gy cosB) %’TJ +

—g; L(KE - K’?) sinb coab -5;] [(K - K‘r;) 8inB cosb -;5-);]

B My 1Y L M A W, X
’&x(KxBx+yay(yKy5;) dT(bex+Gy3y+

a%r ey 21 a1
w e F L (5-9)
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and we have Eg. 21, where Kz’ Ky‘ and ny are defined as in Eq. 22 and
where

Gx = Gg cosf -- GU sinfB,

G, (B-10)

]

Gg sinB + G,‘7 cogf,

We derive Fg. 23 for the normal conductivity K, by transforming from Ky
and Kﬂ to the outward normal direction just as we did to the x and y
directions; i.e., with squares of direction cosines as in Eq. 22 (we note
that cos {¢ + 7/2) = - sin® for any angle ), where the direction angles
6-a: -2’5 and @ - @ + T are indicaded in Fig. B-1.

Thus we can immediately write the following:

1]
"

Kg cos2(9-€¥+g) +Kn°°52 (6 -a+ m

v
]

g
Kg (sin”B cos20 — 2 sind cosB sind cosl + cos2d sin2at) +

K, (cos26 cos2 + 2 8ind cosd sint cos® + sinH sin2a)

=K - aingﬁ + Ky cos2& -2 ny sinl cosl

2 2
= [(%i—) E_+ xy -2 g{faxy]/ [1 +(%§) } (B-11)
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Severzl finife differesce sm2logs of the mives termersinre derizative,
PT/axdy, were sxpressed in By. 25 throcgh 39, varyisg from first o
second oydsr accrrata demﬂ,.zg woon the geametsy. In the derivaiicss

eiow, the mixed @iffsrernce 015 %o at 2 regplar poict O (zee Fig. 8 for
1zbzling of ithe poinmis) ziveo Br Fg. Z5 is obiaired Ifror Tayior zecies
exprescsed zbcai the point O for the temperatures ai the points E, 7, &,
avd H. €n the oither bard. the remairirg arcalogs, given by Eg. 27 throvgh
35, were @erived from Taylor zeries for the texgeraiure gradienis et the
poinis 4, B, €, ard D. Tke laifer approach proved fo bz zmore applicable
io the mezh-bowndary configersiions exployed in the 2B-SHLATE progpresm,
apd thes Bg. 26 was pot used in the program sxcept throvgh chsnce when
Eg. 27 sr 28 happened to reduee to Eq. 25 {whieh is a special case of
Eg. 26).

To dzrive Bg. 26, we expreas the terperaiures at the points E, ¥, G, and

2 {Fig- 9a) in Tayler series ahout 2 regular point 0, explicitly ipcleding
terzs up tirough fonzth order. Omnly the expreszion fsr ’fg will be exhibited,
as fcliows, thz remainder being eesily expressed similarly {the subscripts
on T ref=r to partiel @erivatives at ihe pointi &):

Axi Ay%
Ty = Tg + AXAT::,O + AYBTy,G + -—-2-—'1'1:, + &x AyB 5,0t 3 Tyy,() +
P) 2
x3 Ax Ay Ay
—

3 2 AYB?xy,O AT Tyt TR Ty
szt AQA 2t a3 ay3,

24 T exx, 07, "8 “TBlrey,0 * TS 5 Tayy,0 * 8% 51 +

4
A Tmy,c + . (c-1)
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. éxé-ézc
T T - T = (B, ’é‘)(ba‘é’n)l T e
A2 a L AL2
£ 7y 53'3 xA - :ﬁ.al Axc : A:c . , (c-2)
2 rﬁo 5 x=xy,0
2x, - Az, Ay, - A A2 - by Ay - B2 -
£ ¢ =73 yn,f =33 377" "7 _ ) j
2 2 xxyy.0 © [ x3¥y,08 T

or

Ty - Tyt - Ty

Xy,
L -:Q‘é;%&g

s
A TSR e,

(z‘.z‘._,‘ < Azc) (E.YB = ﬁ?Dj = Txy,ﬂ +0 (AIA - Axc) +9 (AyB - AyD) +
2 a2 r 3
0 (é.xﬁ - Ax:,i Axc + Axy ) +C {(AIA - A:c) (.C‘.yB - AyB)J +
2 . 2
¢ (&yg - 4y, Ay, Ayy) (c-3)

The left side of Bg. C-3 is the mixed difference analog, biy ’@‘O, &8 ex-
pressed by Eq. 26, and the right side indicates how closely the difference
analog approximates the mixed derivative, Txy q I Ax >> Ax AxA <<
Axc, A};’B >> A"D’ or AyB << AyD, Bg. C=3 is essentmlly hrst order
accurate, If, on the other hand, Ax Az = Ax and AyB = AyD = Ay,
Eq. 0-3 reduces to Eq. 25 and the truncetlon error reduces to 0 (Ax ) +

0 (Ay ).

The derivation of Eq. 27 and 28 is considerably simpler, requiring fewer
terms of the Taylor ser.es and yet yields, in general, a more accurate
formula. Here we expreas temperature gradients instead of temperatures
at the points A, B, C, and D in Taylor series about the point 0, as

follows:

Axi Ax
H RS ————
Ty,A ot AxA Txy,o S Txxy, + -6-- xxxy,0 (c-4)
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and, similarly, Eq. C~9 is applicable when points B and D are regular.
To obtain Eg. 27 and 28 from Eq. C-8 and C-9, respectively, we replace
Ty,O’ Ty,A’ Ty,C’ Tx,O’ Tx,B.’ and Tx,D in Eq. C-8 and C-9 by second order
accurate centerad finite difference analogs. In doing this, however, ex~
amination of the error term involved in each would seem to indicate that
Eq. 28, although second order accurate in the z-directiom, is in all caaes
only first order accurate in the y-direction, and that Eq, 29 similarly, is
only first order accurate in the x-direction, That this cannoct be true
and, indeed, leads to coniradiction is demonstrated by analyzing the case

in which all the points diagonally adjacezt to the point 0 are regular

22

(Fig. 9a). In that case, Eq. 28 and 29 rednce to the same difference
z . equation, DBut ther the asseirtion above concerning the error would lead
% 1
o *
8
s
i”’
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= - i —_— - - T . eee {5 E

Ty,c iﬂs’,O_ £x.7 ,0 2 Txxy,a % xxxv,0 (c-5) 5

2 5 ’ .

Asy 2y i

LE %0 AMin0 T T2 Tgy0t T8 Tmye o ©

. A)’]%‘ 5?5 B : g‘

?F’B = 3'?’8 - AYD?Iy,O + 5 T 3 ’0 - E SFS ) Fooo (0’7) : _;

From Eg. C-% and C-5. we obiain . : :t
2 - 2 2 . .2 2E%

AXC TX,A - (Axc - AIA -) TYLO ."—XA Tylc _T . E‘ “:

ﬁxA :‘.‘:xc (AIAi— Exc) xy,0 : ¥

éxA Ax,

T Trmy,0 torc =Ty o ¥ O (8x, £x.) {c-8) .

and, similerly, from C-6 and C-7, we have 3
2 9 . A2 2

Ay Te.B "~ (&yy - Ayg) Te0 " Ay Te.D =T . =

0 (byg Byp) (c-9)

Eg. C-8 is applicable to the 2D-ABLATE program, as discussed between X“ :
Eq. 28 and 29 in the text, whenever both the points A and C are regular ;T
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to the comclusion tkat the resunliing differerce egsation both is zxd s

not gsecend order sccoraie, which ie 2bsurd. 45 2 maiier of faef, by

@eriving ¥g. 28 or 29 for tke case of Fig. 9a Irox Taylor series for the
texpsratures at the poiniz %, B, C, D, E. ¥, G, apd H, ihe errer car be
shown to be 0 (ézA ézc) + 0 {2 ¥B A}'D)- ikis is an exzlicit dexon-
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Teyy Py
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stration of secend order accuracy and proves that Eg. 28 axd 29 are zore
accurate than Eg. 26. Yken the points diagonally adjacent to the poinmi
G are not regular {in which case, Eg. 26 would noi ever be app) .sble),
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B¥rd

it can be shown that Tg. 28 is beiween firsi and secord order accarate
in the y-direction (in a sense similar to Eg. C-3) and Eg. 29 is the saze
in the x-direction. PFor the poini configuraiion depicted in Pig. C-1,
for example, the error in Eg. 28 is 0 (Axé ﬁ:xc) +0 (L".yB -;:'.yF2) + s

o (& Ip a‘lyD), which yields essentially first order accuracy in the y-

direction for & v << AyB and second order accuracy for & Yp T é.yB.
2 2
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As stated above, either Eq. 28 or 29 does not apply wher onre o:s zore of -
the points A, B, C, and D is irregular (Fig. Gr). If, for evauple,
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point C is irregular we would obtain the following expression (ins'l;ead -
of Eg. C-8 above) directly from Eg. C-k:

A e Y
Amufzb{ 4

P xr
S

T -

l‘%;l‘-g- = Txy,o +0 (A xA) (c-10)

As with Eg. C-8, when we substitute the second order accuraie difference

g

et urky
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At ey
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W

arcalog GyTA and 5yT0 for the first derivatives ja Eq, (-i0, the resulting

iy

difference analog (given as part of Eq. 29) is betweenfirst and second
order accurate in the y-direction. The rest of the expressions given by
Eg. 29 and 30 are similarly obtained. L
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2% ihe fiveai af 8 rocket oozxle, 152 simpiified cosrelaiics of Sariz

(£, 25) e=n 22 writies 25 Foliows:

c (}_\ 5.2 @)0.2 G)C:-c-) 0.8
D\ D¥ n-': et

txecefer coefficient {3@,’&.2—%2) at ie iimesi.
i &zweter, D, and the chEpber pressmre, ?c’ are defined by che
Toe specific 2ezi of ide cxbrsiiom g23,

C‘D, 2nd the ctmracteristic extzvst veloeily of ke gas, cF, =re giver

by propellent performerce daia st ihe operatirz conditicnms (Bef. 2%).
Prepeilant performsnce 2zia 2iso provide the coxdusiior gas iecspermimre,

(5-1)

£
Yere hg is the heaf
Tee ik
ecgize operz=iipg ecnditicns.

32
g
which the gz3 viseosity, Y. the Pracdil pomber, Pr, and the reference

Troperity pargzeter, G, are defiped.

$ho eranific hoxi waitin. ¥. =nd the scerace malesalar woizhi. M. fras

For most applications, the dimepsienal groupe ¢f Eg. D-1 can be obtained
with seffisient acesrrey froam simple graphical cerrelations. Figare D-1
shoes {1/55)°"% 25 2 functien of P_ and the rocket engine thrast, P.
Figare D-2 shows (P /ex)""8 o8 & function of (B /c*). Ia Big. D3, the
viscosity factor, §o°2, is plotted vs ihe product, BF_, while Fig. Dk
shows the relation between (a/Pro'é) and ¥. &

For avlative motor calculations, h _at the axisl location x can be

3 &
relateéd to hg oy
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